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MIXTURES SAND -MOVEMENT 


w 


‘The manner which solid matter is transported by. water 


mot —Traction, “whereby solid material by, rolling, sliding, 


action of water ‘the inclined plane | of the e bed. 


2.—Suspension, whereby solid material does not come in contact with 


bed 4 for an appreciable time, motion being produced: by upward v “velocity com- 

ay Strictly speaking, these two modes of transportation grade into each other 

and are not ‘sharply distinguishable. For practical purposes, however, 

may be considered separately. In general, the settlement of “suspended 


material plays an important: réle in the pbuilding up of banks, but in 


absence of large natural or artificial reservoir areas in the river course it is 


practically a negligible: factor i in the transformation of the bed, , the predominat- a 

ing factor that. bed ‘configuration being that of transportation by 


traction. This paper deals entirely, with ‘the phenomenon of traction. 


an abridged translation ofa thesis entitled “Modellgeschicbe und Schlepp- 


raft, ” submitted by the writer and accepted by the Technical niversity of 
Dresden, Germany, in partial fulfillment of the ‘requirements for ‘the ‘degree a4 


MM 


of Doctor of ‘Engineering? The original thesis" and an “unabridged transla- 
tion, are ‘file in the Engineering Societies Library, New York, 
most comprehensive experimen ntal investigation ‘and diagnosis of the 
of traction that. has been conducted was” the work: of | Gilbert” 


rie } 


who, like other: earlier American investigators, attermapted to establish a 


ii Nore. —Discussion on this paper will be closed in August, 1934, P Proceedings. ee 
x 1Capt., Corps of Engrs, U. 8S. Army, Memphis, Tenn. | 
many, March, 1932. iw 


% “The Trans ortation of ‘Débris by ‘Running Water, b Gilbert, Pro fessional 
Paper No. 86, U. Geological Survey, y 
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SAND MOVEMENT IN FLUVIAL A, 
relation traction and velocity. of the current. European investigators, 
- following the theories of du Buat* and du Boys,‘ have developed a simple Te: 
relation between traction and ‘the slope and “depth, which is adopted as the 
"basis of. this paper. In May, 1932, Leighly* "presented an American, treatise 
based on the theory of tractive force, Mr. Leighly’s 8 contribution is valuable : . 
and timely ; it. confirms the results and conclusions presented. herein in many 
5 ways and | helpfully broadens the Spotication of the theory of tractive fore to for 
channels of finite width and variable ‘depth. ing 
the researches of Gilbert and o of European hydraulicians are reviewed in 
en ri _ this paper | and are augumented 1 by the re results of ‘experiments performed | by the wit 
4 writer in 1931 under the auspices. of ‘Prussian Experiment Institute for = 
re 
"Hydraulic Engineering oni ‘Shipbuilding at Berlin, hereafter referred to as 
= bl _ the | * I. Although the motive and conduct of the writer's investigations 193 
based primarily upon problems of laboratory experimentation with Gen 
models having movable beds, the fundamental principles of traction inv ved 


‘therein are of general application. The following discussion resulting 


thee a studies is divided into two main parts. 4 The first part covers the e experi- 

in ments and their immediate r results; ‘its field of interest i is limited to the conduct u 
of laboratory experiments. involving open channels with movable beds. The | 
her 

second part | deals with the > theory of transportation by traction, and develops 

empirically a rational formula for the computation of the critical tractive to J 
force required to ‘produce ‘movement t of bed load, 1 that is, erosion; it is of | 
broader: application to the problems of river engineering. font com 

‘ig 
PART I. -BED- LOAD MIXTURES FOR. FLUVIAL MODELS the 
Experience in European hydraulic, laboratories® has shown. that in the 

state of experimental science ‘strict compliance with ‘the laws of 

i 
similitude- must be waived in fluvial ‘models in which bed “movement is 
predominating importance. ‘The departures from strict similarity are due 
essentially to the following causes: fern odd vd 


(14) Model ‘material ‘cannot be made geometrically similar to 
natural bed material, since a scale reduction of the latter would g give a powder- ‘A 
like substance unsuitable for model use. ‘Therefore, model. “geschiebe” is 


selected for its experimental ‘properties rather than for considerations of 
38 d’Hydraulique,’ par E. du Buat, Paris, 1786. (Quoted from Schoklitech) Q 
Rhone et. les Riviéres & Lit Affouillable,” par P. du Boys, Annales des Patt 
et Chaussées, 1879, be se 
“Toward theory. of the. Morphologic Significance of ‘Turbulence in the ‘Flow 
Water in Streams,” by John B. Leighly, Univ. of California Publications in Geography, Vol. 
No. 1, pp. 1 to 22. Tass Fasse 
“Hydraulic Laboratory Practice,” edited by the late John R. Freeman, Past- presi nde 
An. C. E., Am. Soe. Mech. Engrs., N. Y.,;1929... . 
AG 
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MOVEMENT IN F JUVIAL MODELS: 


@)! The slope of the model is chosen to suit the model bed n material 
i in an arbitrary departure. from strict similarity. it bay 
(3) In some eases, although not in all, the two departures from similitude- 
"mentioned i in Causes | (1) and (2) must be supplemented by an additional | 
artifice. This consists of a distortion of scales by the use of a depth scale a") 
differing f from the scale of and width. Depth distortion is is principally 
necessary “for: the avoidance of model flow unlike that occurring in Nature; 


for example, laminar or shooting flow i in the model. where turbulent or stream- a 0 
ing flow obtains in —_ 


conditions cited are of extreme importance i in laboratory. experiments 
. with river models. The practical consequence is that the kind of bed mater ial a 
suitable for use in i a given model must, usually be deter ‘mined and tested in 
preliminary experiments. Such preliminary experiments are costly and time- “4 
consuming. Detailed of this kind were conducted by Engels’ in 
8 9 1931 at the Research Institute for Hydraulics and Water Power, at Munich, 
al Germany, and also. by Rehbock the River Hydraulics | Laboratory, at 
d Karlsruhe, Germany, in n connection v with his Rhine e experiments. Gh bay 
In a similar manner the preliminary bed- load investigation has been 
et efaal step at the P. E. I. in almost every new problem i in which hydraulic 
characteristics present new model conditions. The systematic experiments 
herein. described were conducted in an effort to acquire information that 
ps 
would eliminate these recurring difficulties. The period from October, 1931, 
ve to January, 1 1932 » Was required for th their completion. 


The scope purpose. of the experiments may be stated as follows: It i is. 
comparatively easy to find a material suitable for the of 


which. the ‘ ‘geschiebe” is in motion at as as mean low 


“condition of of similitude which requires that model “geschiebe” be i in 1 motion or 
at rest at si stages equivalent to those eel like conditions in 


18 

due 

fp W these requirements as a basis, ‘the | general problem “whieh results 


may be outlined more specifically as follows: |S. 
] - Assumptions: Given « a stream having b bed load movement at all stages dow: 


to low water and maintaining, within ‘required limits, turbulent (and ‘not 
hminar), streaming (and not shooting), , flow; a m 


model fulfilling these al 
tions is to be constructed to scales of 1: 50, 1: 100, 1: 150, , and 1: 200. 


Question: What “geschiebe” ‘mixture curve (or gradation curve) 
y, Vol ™“Grossmodellversuche iiber das Verhalten eines geschiebefiihrenden gewundenen 


Nasserlaufes unter der Rinwirkung wechselnder Wasserstiinde und verschiedenartiger 
tindeichungen,” von H. Engels, Wasserkraft und W asserwirtschaft Nos. 3 and 4, 1932; 
also, “Large- e-Scale in River Hydraulics,” by H. Engels and Hans 
Kramer, Assoc Am, Soc. C. Cwit 2, ‘November, 
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MOVEMENT IN FLUVIAL MODELS 
Pew. Required : (a) By computation : Limiting model slopes to meet the upper 


and lower criteria for flow ; and (b) by experiment: Suitable | mixture curve 


Beyond the immediate practical purpose of ‘the experiments, hope, 


4 - in all research, of achieving a systematic formulation of the observed 


‘This investigation forms Part of this paper. 


The foregoing outline indicates that these experiments apply directly to 
- laboratory practice and are not immediately applicable to Nature. Neverthe- 


Jess, this paper has indirect | practical value in improving and ‘facilitating 
_ laboratory practice, which in this particular field is fraught with the greatest 
"difficulties. _ However, the aforementioned limitations on the scope of these 


experiments must be kept constantly in mind. rest 


Three se series of experiments (I, II, and III), were performed, each with a 


‘different mixture of sand, each series | number corresponding to the. number 


assigned to the sand “used. during that series. During the course of each 
series, , the following | conditions were varied between certain li limits : (a) ‘Slopes 


of the bed and water surface; and (b) depth of water in the flume. ere i) 


Sand I Average of 7 Samples 


Sand Il —---x—--— Average of 8 Samples 


Perc 


| RATS 


t e 


‘The sands ‘consisted of “well- rounded quartz particles, and had a unit 


Wi 


‘The percentage composition is shown in 
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_ Series I—Pit sand from which ‘grains greater than 5.00 _ in diameter 


Series —Sand from the same source which grains greater than 
Series III.— —The same pit sand, with grains than 5. 00 mm and 


Each mixture of sand was tested with four bottom n slopes: 1: 400, T: : 600, 


24 
ig, 800, and 1:1000. T he water- -surface ‘slope was maintained constantly equal 


increased gradually to permit determination « of the point at which bed-load 
movement began. 4 With further increasing depths, observations of the ‘move- 
‘The depth 
then which the “upper limit: of of ‘the mixture, as 
determine oy t 
: flow w: was then reduced in wie to, determine the satel of bed- load endl 
am nine ‘the tail- -gate, ‘to maintain the required constant slope. 
1) —Flume and Water Circuit. open en flume, : 14 m in 93 ft) 
of eniageler cross- section, 80. 7 em (313 in. ) wide | by 30 cm (12 in. ‘<i 
“artificially roughened » with grains of sand, 2 to 3 mm in diameter, sprinkled on 
a coating ‘of wet oil) paint to which. the grains ns adhered after the paint dried. 
_ Approximately 90 such 1 grains adhered to every 10 8q cr cm of v or surface. This. a 


h _ Each experiment was started with very shallow | depth of Se, which was 
ment of bed load and the formation of sand riffles were made. 
"ment. _ The depth of flow was regulated by varying the discharge, at the same 
) long and 
was used for these experiments. The vertical interior walls of the flume were — 


sal 
7 a 
artificial roughness is ‘shown in Fig. 


The eycle of the water used in these experiments follows: 


was equipped with a long rectangular weir designed to maintain a 
head 3 (2) from the overhead tank the water flowed through a pipe equipped | 
with | a valve, and through the baffled stilling chamber in into the flume, at 
the lower e end of which was an adjustable tail-gate;— and (3) : from the 


fume, the water flowed into a a weir box and over a measuring \ weir back into 


‘the pump ‘reservoir. ‘The set-up is shown in Fig. 


elected as follows: ‘Along the axis of the bottom of the flume, at 1-m Fp in. “" 

intervals, 12d finishing | ‘nails were driven to a given grade as determined by) 

precise leveling. - Damp sand was ‘then placed in the flume and by means of 

‘Wooden strips worked to the grade indicated by the nails. _ The strips were 

‘then removed, and the surface of the sand was carefully smoothed with a 


trowel. al The thickness of the’ layer of sand was approximately Tom (23 


50 
: is At the upper and lower ends of the flume the sand layer was abutted by a 
block of concrete which tapered off, gradually to the bottom of the flume. 


Immediately below the upper abutment, the bottom of the flume was covered aan 


with coarse gravel for a distance of about 40 cm (153 in. ), forming a ti a transi- ansi- 


Were 
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The sand was: mixed with froth: of ike. 


composition o or entirely removed and | replaced: sand of different composition 


leveled off as previously described. bow’ iol ba ! 
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—NEWLY Constructep Bep READY FOR ‘EXPERIMENT 

itn —Water Surface—At 2-m (6.6 6-ft) intervals along the axis of the flume 
"seven holes had been bored through the solid wooden base and connected by 
oe. lead } pipes s and rubber hose to ‘manometer tubes. _ These manometer stations 
“were: numbered from 1 to 7, reading down stream. The tubes were formed 
into a battery, equipped. with a backboard of millimeter; cross-section paper 
with mirror background, and placed conveniently near the lower end of the 
flume. Since ‘the manometer tubes were mounted at equal intervals, it was 
po ssible, by means of an adjustable celluloid straight-edge, to check the slope 

wiswially. i eighth ‘manometer tube was similarly installed anil 
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water was 1 parallel to the bottom slope by 
regulating the tail- -gate, which was s operated directly by the ‘slope observer at 
the battery of manometer tubes. were taken only @ after stable e flow 
—Bed Slopes.— —The methods of the bed slopes and corre-| 
sponding \ water ‘depths were improved as the « experiments progressed. ie 


arrangements , used for this purpose were, in chronological order, as follows 


For Experiment (Slopes, 1: 400, 4: 600, 1: 800, and 1:1 1000): 

-Manometer_ Stations Nos. 2, 4 and 6,—that is, at 4- -m intervals— measuring 
racks were mounted across the flume v w ith a needle-gauge attached to each 

over the center line of the flume. TI he zero of these gauges was determined by 

observations on a still-water surface i in the flume. When depth 

_ were'to be taken, a 13 by 18-cm (54 by T#-in.) plate of glass, 1.5 cm (43 in.) i 

‘ thick was | Placed carefully on the sand bed beneath the needle- point. ter 

the water had been drained off o or stilled, the depth measured by 

ing tl the needle- -gauge to the glass plate. T This procedure. determined 

three points at 4 -m intervals along the axis of the flume, 

For Experiment II (Slope, 1: 1.000) ; In this case the three gauging 

devices” at Stations Nos. 2, 4, and (Fig. 3), by two 

a Ge similar installations at the ‘intermediate points, Siations Nos. 3 3 and 5 5. 

- Bit a Measurements on the bed were made : again with the aid of glass plates, thus 
on ai oy: depths at fi five points at 2- -m intervals along the axis of the flume. Na 

(3) For Experiment II (Slope, 1: 1: : 800), and All Subsequent Experiments: 

The five racks | and needle-gauges were dismantled and replaced by a profilo- 

_ graph bridge, 9m (29. 5 ft) jong, mounted parallel to the axis of the flume. 


This recorded, directly, the actual against a 10: 1 reduction in 


of | the bridge was s determined from a still: water by means 


needle- -gauge attached to the upper edge of ‘the bridge. te ‘The profilograph 

‘proved successful that it was used on all subsequent experiments. 4 


Throughout the conduct of these experiments, a condition of stead ly, id 
form flow was sought. However, since water flowing in an open channel 


(especially in a a channel with a movable bed) follows n natural laws and not | 


ia will of the observer, this condition i is not always perfectly attainable. e It 


was important, therefore, to adopt a procedure that would offset, or at least — 
“minimize, 1 the influence of unavoidable deviations from uniform flow. To this 


end, ‘the comparatively long reach between Stations Nos. 2 and 6 was ‘used 
i for observations, and in « every case the mean of the slope between these sta- 


tions was considered i in conjunction with _the depth: over the same 


reach. It’ was believed that the advantage of this long reach, with its 


to neutralize : any local irregularities i in n slope or velocity, would outweigh | the = 


disadvantage of comparatively sh short entrance and sections. 
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SAND ‘MOVEMENT IN FLUVIAL MODELS | 


hy (e). —Discharge-—Below | the discharge end of the flume was a 9 90° triangular 
weir, which had been carefully calibrated. — (The calibration agreed closely 


3 with the common formula, g = 0.014 h**, in which, q is measured in liters — 


‘and h in centimeters.) “The h, was measured with a ‘needle- -gauge at a 


‘point 1.2 m (3 ft 11} in.) above the weir. te = 


ca 


os The regulation of the discharge or stage was accomplished by means of the 


valve described in Paragraph (a). In making changes in stage, the valve 


was always manipulated very” slowly in order to avoid disturbances ‘from 
(f). —Water Temperature-—The temperature of water was determined 


by a ‘thermometer suspended under water in the 1 weir box. 
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SAND MOVEMENT IN FLI ‘MODELS Papers” 


9) —Quantities o of Bed-Load ‘Material. —The quantities introduced and 
were measured in a tin vessel with a ‘capacity of approximately 


at liter (0. 26 gal). — The material ‘to be introduced w was spread i in a moist condi- 
we tion on an adjustable distributing board (see Fig. 5) at the upper end of the 
is distributing board also served as a float for stilling the inflowing 

sand was brought uniformly to a in.) slit at the wu upper 

of ‘the board. whence it ‘seeped slowly into the water was carried 
This method of feeding the _“geschiebe,” carefully done by an “expe- 


the were smoothed out with a a small trowel. 
# As a result of the increased section, the s space 


lower concrete abutment served as a trap for the sand carried from the flume. ‘ 


trap was roughly calibrated s that ‘the ‘volume of “geschiebe” ‘could be 


read directly. By adjusting the inflow” into. the flume to. the observed 
deposit in the sand- \d-trap, a balance was sc soon reached. 


h). —Sand Analysis—The composition of the sand mixtures used was 
_ determined by the usual mechanical means of sifting with standard sieves. 


All the : ‘sieve analyses ‘ were run by means of a a ‘mechanical sifting ‘machine, 


and samples were taken and analyzed during all stages of the experiments. f a 


—Surface Velocities. s.—The surface velocities of the water along 1 the 


axis of the flume were determined by timing, with a stop- -watch, the passage 
small paper surface floats over a known distance. 


(i). Flow—Laminar or Turbulent. —Through the introduction of 


ages and low 


| velocities was determined from the characteristic appearance of colored stream ‘ : 


Hines. 


and expressions" used. in 


also, with certain reservations, be > applied to: Nature. 


ie (a). —Bed- Load Movement. —Various writers, such at 


Schaffernak,’: have already pointed out the difficr ulty of entablihing 


er, are not clearly definable; 


None” r to 4 in absolutely n no particles are 


“Die: von- Gleichgewichtsprofilen in “mit” Geschiebe- 
“bett,” von F. Schaffernak, Mittetlungen der Versuchsanstalt fiir Wasserbau im Minis- 
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SAND MOVEMENT ‘IN FLUVIAL MODELS 


are in motion, isolated By 
-“eountable” is meant that by confining the field of observation to, say, 1 sq cm : 
©. 155 sq in.), the particles in motion can be counted by the observer. ut 
Medium” movement i is used for that condition in which grains of. 
og mean diameter are in motion in numbers too. large to be countable. Such 
movement As no local in character. It is not yet st strong enough to 
affect bed configuration and does. not result i in transportation of an appreciable 
4, — “General” means that. condition i in which sand grains up to and includ- 
ing the largest are in motion. Since in these. experiments, as. in general 
laboratory practice, sand grains larger than a certain size have been sifted out, 
7 this ‘designation has a definite significance. ‘This movement is also not local on 


but 


It vigorous change the bed configuration, 


— ww we 


In this paper this is termed the “lower Jimit” of the 


No higher stages of are designated, although increasing 
sity might be based upon the quantity of -load movement. Intermediate 
| stages | are denoted by plus or 1 minus signs. - Based 1 upon the definitions « of ‘the 
various ‘Stages of movement, the * ‘critical tractive force,” To, can be defined | as 


q that tractive force which brings about general movement of the mixture; ‘that 


is, the force that transports | the largest particles present. — NG erst 
(b). Rifles. —If it is difficult to define the ‘stages of bed- 


‘movement, the task of defining various stages of riffles seems almost hopeless. _ 
a he r requirements given | under “Motive, Scope, and Purpose- of the — 


ments,” ’ call for no excessive riffles up to maximum high water. Investigators 


- atte fased immediately with the fac t—confirmed by these experiments 3 as well as 
‘those of other investigators, such as Gilbert,” Blasius,” and Owens that 
‘riffles appear at the lowest. stages at which general bed- load movement 0 occurs. 
| < Although 1 the riffles appearing i in the early ‘stages of the exper riment may ‘be 
- qualitatively Ii like those i in Nature, their size must be kept within very modest 
lest the usefulness of the model be affected. Nature, riffies 
, “excessive ‘riffles,” is that decreas- 
stages or tractive force at constant slope have a tendency 
flatten out those. ‘riffles formed at higher—although not excessively high— 4 


Stages. This tendency also corresponds to Nature. The effectiveness of this 


_ tendency in the model is ‘dependent upon ‘the. initial (that i is, maximum) riffle 
sy formation, | as well as upon the duration and ‘magnitude. of the tractive force 


% 10 “ijber die Abhingigheit der Formen der und Geschiebebiinke vom Gertie” 
von H. Blasius, Zeitschrift fiir Bawwesen, 1912. 4 


ransport of in W rater," by J. S. Owens, Engineering, 


“The Settlement Tr 
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y measuring their vertical height. ‘Although, in general, river experiments 


SAND MOVEMENT IN FLUVIAL, “MODELS 
-. In this sense, riffles could be termed “tolerable” which, at when’ flow, 
would be smoothed out within a reasonable time. “Reasonable time” is de- 
pendent for definition on ‘the time scale of the model. — Since i in ‘practice it is 
r impossible to maintain a strict adherence to Froude’s law of similitude (in 
which the model time scale i is equal to the square root of the horizontal scale), — 
the time scale for river model experiments is selected from prior ng oa 
and tested i in ‘preliminary experiments, Under the usual operating conditions 
a the hydrograph representing a years flow in Nature is made to correspond 


34 with a working day in the model. Should this period (1 3 yr) be. insufficient to 


‘reproduce results in Nature properly, the run is repeated rather than spread 
over two. working days. flood stage will thus usually extend over 
maximum of 1 hr, and the mean water on the average from 4 to 6 hr. To 
insure continuous use of the ‘model it is Anaiiclaah ‘and undesirable to resort 
to manual smoothing | or- troweling of riffles. It is necessary, therefore, et 
‘Tiffles formed at high water and: flood- -stage flows ‘be sméothed out by the 
_eurrent at wabeoavent lower stages of flow. these experiments this 
s for 


Fic, 6. -Exces: ‘Rivries Tabos 


manner of ‘characterizing the size of “tolerable” riffles would 7 
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involving models with movable beds. can at ‘the “present stage. of 


per 


— 
— 
— 
— 
— 
— 
Bake 
| 
| 
i. 4 
+ 
— 
=. 


MOVEMENT 


i Ts —Mepium RIFFLES PRODUCED IN 40 MINUTES BY FLOW 
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MOVEMENT FLUVIAL MODELS Paper 


‘presence “of rifle should be kept preferably within from 5 to 8% with 


maximum of cent. Accordingly, the permissible depth of non- dis- 
_turbing rifles may be taken a as from 5 to 8% ‘of the depth « of water 


| them. During the course of these experiments the riffle depths w Ww ere e measured 
> at first and, later, asa result of practice,» were estimated by eye. 


Based upon ‘the: foregoing consideration, ‘ ‘excessive ‘riffles” “may defined 
_ as those having a depth greater than 8% of the depth of flow which formed 
_ them within a 1-hr run and which “subsequent lower stages failed to remove 


This: condition is termed herein as. the “ “upper limit” of ‘use- 


of he sand mixture. An example of these excessive ‘Tiffles 


4 


ae to 5% of the of flow that forms them; “weak” riffles a are less than 8% 


of the dey pth of flow that forms them; and, “smooth bed” denotes that there 
are no visible riffle formations whatever. Figs. 2, 6, 7, and 8 show various, 
‘The location of the upper limit, as arrived at by direct observation, may 
be checked by. computation. « check is derived from the fact that Chezy’ 
coefficient initially increases with r rising water and increasing bed-load 
‘movement, but upon ‘reaching a critical stage in bed development, or “Tiffle ha 
roughness,” begins to decrease. ‘This reversal in the C- value appears to take 

place at the upper limit. At this. stage ‘of knowledge, however, the point 


reversal cannot, be computed beforehand. It is possible to compute the 
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‘point , of rey ersal only from the data of a series of observations and ei a 
check the more subjective visual determination. 
The experimental data are presented in Table 1, with the following esig- 
nations and dimensions: : The ‘subordinate table headings are designations of 
experiments, with the following ‘system: of notation: The ‘principal “experi- 
series, which also serve as indices to the classifications of the sand 913 
mixt tures, are ‘designated by the Roman numerals, II, and Til Within each 4 
‘series, each run is , designated by referring to the slope | used for that run; Se 2 : 
Table 1 (f), Series II, Slope 1: 600 refers ‘Experiment ries I 
(using. Sand Mixture with a bed slope of : 
2/2 
given reading and the previous reading. Cessations and interruptions. of the ; 
‘experiment are indicated by ‘blank s spaces ‘between two lines of observations. 2 
The ‘progress: of the experiments can thus: be read | directly from the table, ; 
In Column (3), the ‘value, Q, is read. from the weir ‘calibration curve, using | 
the measured head as argument. that 1 liter | per sec ig about, 
; .2“Bettausbildung, Abfluss und Geschiebebewegung bei Wasserliufen, von Th. 
bock, Zeitschrift der Deutschen Geologischen Gesellschaft, No. 81,. “3929. 
18 “Report on Study of -Hydrotechnical Questions by Means: of Laboratory Researches 
a on Reduced Scale Models: Comparison of the Results of Such Researches with Those of 


‘Direct Observation of the Natural Phenomena, with a View to Ascertaining -How Far the 
eae Law of Similitude Is True,” by A. Rohringer, Xv Inter. Cong. of Navigation, Venice, 1931. m 
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—OBSERVED EXPERIMENTAL Dara AND 


ATION 


| Sq oF 52 2° 38 > = >o og ir 
3) 1 18)! ©) (7) (8) | (9) | (20) (12) | (13) 1 (14) 1 (05)1 (16) 
| 20 | 40.6/0.0125) 3000/40.3) Weak |Smoothbed 
2 20 | 0.97/0. 76. 22.9]0.0125|  935/30.4) None | 
| 25 | 28.1/0.0124) 1615/34.1) “ 
30 | 2.7910.00240/1.57 29. 0/126 37.7/0.0124| 2860/39.3 Weak | 
5 | 25 | 42.7|0.0125| 4 560/41.9 Medium 
1.94|35.4|50.7| 50.9/0.0125| 5500\44.8| LowerLimit 
6 | 25 | 7.08]0.00250|2 . 36/42. 0/190. 59.0/0.0125| 6 630/48.1 Gensel Weak riffles 
| 25 110.8 76.60.0125] 9920/55.8, “ | “ 
8 | 25 {12.2 |0.00255|3.56 287. 90.80.0127] 10 950/58.3] ne Medium “* 
Qa*}....]..... 4.68/50 18 700|72.1| Upper Limit 
10 | 20 |25.0 |0.00255|5.86}. 1473. 4215 0.0127| 21 400|76.0 General Excessive 
7 11 | 25 132.0 |0.00255|7.01|69.5/565. 26 600/83.0] Si 
2.60|0.00160}1 .67|25 26.80.0126] 2450/40.5] None Smooth bed 
i | 32.2/0.0125| 2550/43.8] Weak 
7.4 |0.00163]3.00|38.7|242. |86.70|2.79|30.6|45.4| 48.9/0.0125] 6 800/54. 4{Medium (+)| 
2.88|31.9]46.0) 51.6/0.0125| 7350/55 .2 Lower Limit 
9.7 |0.00163/3.49}... 56.9]0.0125| 8 820/58.6 General Weak riffles = 
16.5 |0.00176|4.70]....|379. 82.6/0.0126| 14.470\68.0] Medium(—) 
21.0 |0.00163|5.57|..../449. 90.910.0126| 18 100|74.0 Medium = 
21 700|77.9| Upper Limit 
28.4 |0.0126] 23 900/80.4 "General 
33.5 |0.00165|7.62]....1615. 27700/\86.6, “ | “« 
37.1 |0.00168|8. 30]... .1669. 1/139 .5|0.0126| 30200}90.4 “ | 
2.53 5184-2611. 70117 .7132.2| 29.9|0.0126| 2380141.91 Weak | “ “ 
h |84.42)1.78/21.0/46.2) 23.40.0126) 2970/42.8|_ None_ bed 
4.7 |0.00126|2.33/31.1/188. |85.36/2.20/25.0/49.5| 29.4/0.0127| 4330/47.9] _ Weak 
6. 55|0.00126|2.73|35.6|220. 34.4/0.0127| 5 990\51.9| Weak (+)| “ 
39.8/0.0127| 7500|55.7| Medium iat 
10.2 |0.00124/3.68)... 45.7/0.0127| 9150/60.2|Medium ‘+)} “ 
11.3 50.0/0.0127| 10 050/62. 5|General (—) 4“ 
51.5/0.0127| 10 700/63.8| Lower Limit 
13.2 |89.24/3.85/38.4/54.8| 54.5/0.0127) 11 600/64.8) General |Weakriffles 
16.4 |0.00125|4.82]48.11388. 60.2/0.0127} 14 350/68.8 
21.0 68.5/0.0126| 18 150/73.4) Medium “ 
.|5.82/46.3|54.3| 85.0/0.0126| 21300/81.9| _ Upper Limit 
26.5 |0.00129]/7.22/58.8/581. |95.14/6.11/45.6/51.0| 93.2/0.0126] 22 050|84.4| General {Excessive 
12.6 |0.00126/4.47|....|360. 56.3/0.0124/ 11250/66.3) “ Washing 
9.0 |0.00123|3.57|43.7|287 43.7|0.0124| 8 250|58.3 General { out of 
4.5 30.6/0.0124| 4 250/49.1 Weak riffles 
3.2 |0.00125|2.01/26.2|162. 84. 25.1 0.01241 3050144.41 None |} “ “ 


— 


= = = —= 
5.5 |0.00101 2.69|30.7] 217. | 86.08]2.52)25.4|50.2) 27.2/0.0125) 5 120/51.4 Smooth bed nq 
6.6 |0.00098| 3.06|32.4| 246. | 86.82\2.83/26.8|50.9| 29.8/0.0124 611054.9) “ | 
7.9 |0.00101| 3.34|34.9| 269. | 87.38/3.08|29.4|52.7| 33.7|0.0124| 729057.2|} “ | “ 
9.4 |0.001 | 3.71|36.4| 299. | 88. 12/3. 39/31 .4|53.8| 37.1/0.0124| 8 60060. 5\Medium 4 
11.25)0.001 4.14|39.2/ 334. | 41.4|0.012410 20063.8| Medium | _ « 4 
13.8 |0.00098] 4.72 381. | 90. 14/4. 23/36. 2/56.3| 46.1|0.0124'12 35068. 1|Medium (+)|Weak riffle 
16.0 |0.00101| 5.08 410. | 51.3/0.0124'14 20070.6|General(—)|_ 
0.001 | 53.0/0.012415 1072.3 Lower Limit 
4'|000105| 5.37|48.0| 433. | 91 56.5/0.0124 16 20072.6| General |Weak riffle 
22.0 10.001 | 6.04)....| 486. | 92.78|5.24/45.3162.5| 60.4/0.0124|19 200177.0 Medium (-) 
23.0 |0.00103| 6.87]....| 554. | 94.44/5.86|41.6|53.7| 70.5/0.012419 700/82.1| “ RA 
28.0 |0.00105| 7.32|....| 590. | 76.9|0. 012328 80084 | Medium 
30.5 |0.00098| 8.02|....| 646. | 96.74|6.68/47.3/58.5| 78.3)/0 012325 65088. Medion 
| 81.010. 40089.2} Upper Limit 
35.0 |0.00099| 8.71)... .| 703. | 86.3/0.0123,28 General Excessive a 
15 | 45 |14.7 |0.00104| 5.45/39.2| 439. | 56.7|0.01241295073.2;| “ | 
| 15 {10:8 |0:00099| 4:73]. .:.| 382: | 90: 16/4. 2428 46.810. 0124 9 70068.2\General(—)|} “ —— 
20 | 4.15|0.00098| 2.74/23. 1| 221. | 86.18|2.56/18.8137.5| 26.7|0.0124| 3 88051.9 Weak ‘| 
| 2.2 )0.00218) 1.18)27.3) 95.3) 25.7/0.0124| 2 15034.1) Weak [Smoothbel ri 
16 | 2.75|0.00228| 1.20|29.6|104. | 83.28]1.25|26.4/49.3| 29.4/0.0124 267035.6) 
15 | 8.4 [0.0025 | 1.39]32.1/112. | $4 3 31037.0| Medium | “ “ 
4 | 20 | 4.35]0.00244) 1.56|35.9|126. | 83.82|1.51/34.5/56.9| 38. 110.0123, 4 23039.2\General(—)|_ 
18 | 6.05/0.0025 | 1.98/39.8|160. | 49.5|0.0123 5 General |Smoothbell 
| 16 | 7.95]0.00251) 2:38/43.9|192. | 85.46|2.25/41.5|55.1| 59.8|0.0124 756048.4| | Weak riffle 
| 21 | 8.9 |0.00253) 2-63/44.7/212. | 1) 66.510.0124 8 35050.9, | Medium 
5.2 |0.00248) 1.88)34.3/151.5 84.46|1.80/34.3/51.4| 46.610.0124 4 95043.0 Medium (-) n{2 
7.5 |0.00251| 2.17/42.1/175. | 85.04|2.06/42.9159.6| 54.5/0.0123| 7 16046. 
9.3 10.0025 | 2.67/44.7/215. | 66.7/0.0123, 8 76051. 
10.8 |0.00254| 3.17/45.9|256. | 80.5|0.012310 00055.9] Excessive 1 
9.1 |0.00239] 2.86/42.7|231. | 86.42|2.68/39.4/49.2) 68.5/0. o123 8 52053.1| A 4}y 
7.05/0.0025 | 2.38/37.2/192. | 85.46|2.25/36.7|48.8| 59.5/0.0123| 6 73048.4| 
6.6 |0.0025 | 2.49|35.2|201. | 85.68/2.35/32.9/43.0| 62.30.0123 6 30049.5) | “ 
5.55|0.00249| 85.10|2.09|31.2/43.1| 54.8|0.0122 535046.5, “ | “ 6/1: 
4.55|0.00253| 1.90|27.6|153. | 84.50/1.81|29.7/43.8| 48.0/0.0122 440043.3) 
3.38|0.0025 | 1.60/25.8|129. | 40.0|0.0120 3 37039.7|General (—) 
2.780.0025 | 1.47124.7|118.5| 83.64|1.42|18.7/31.3! 36.8|0.0120| 2 21038.1\Medium (—)|} 25 
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centimeters per secon 


rdraulic radius, R, 
in centimeters 


er 
in centimeters 
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in centi- 


Slope, S, of water surface 


kinematic 


Vv, in square 


centimeters 


Reading No 
Duration of flow 
in minutes 
meters per second 
per square meter 
Coefficient of 


Discharge, Q, in liters per 


Chesy coefficient,C 


gquare centimeters. 
section, p, in centimeters 


meters per secon 


viscosity, 
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Tractive force, 7’, in grams 
Reynolds’ number, R 


Wetted perimeter of cross- 


Mean velocity, Vm, in 


=Surface velocity, v, in centi- 
Area of cross-section, A, in 


Mean depth, d, of water, 
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-70|0.00165}1. 
-65/0.00168)1. 


24/22 .9|100. 
63/28 . 4/131. 8/83.96/1.57/23. 
78)31.0)144. |84.26/1.71 
16/34 .7)174.5)85.02 
44/36 .0|197. {85.5 


20 .5|0.0128 600)34 . 
27.10.0128) 2870/40. 


Lower Limit 
General» Smooth 
4 Weak rifles 


CONN 


WOR 
See 


Medium 
Upper Limit 


(4910153.6 General(—) 
700/49.3| Weak a 
.0124 
.0124 


.0124 
.0124 


-5|0.0125| 


Sur ERIES II, 1:800 ag 


-41423.9)113. 5|83. 5: 
184.5: 
- 24/32 .0|180.5/85.1 
-70}36.0/218. |86.1 
.86)}37.0 

-03/37 .9/244 5/86. 
- 64/42 . 3/293 . 5/87 . 9) 
44 .2)323 .5/88.7 


.34}18. 
-82)/24. 
12/26. 
- 53/30. 
2.63/31. 
82/33. 
34/35. 
.65)38. 
38. 


10|3.81137. 


-O0 |0.00128/5.53). 1446. lot. 76/4. 86/33. 
-49/0.00125/3 .62). 292. |87.94/3.32/22. 
-55/0.00126/3. 03|23. 0/244. 5|86 .76|2.82|18.6 


-1 }0.00099)2 .09)25. 
-51/2 
3 
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06 
-60 
72 


2/44. 
0/50. 
6/51. 


'|Smooth bed 


F None 
3.3} Weak 
.0| Weak 
Medium (+) 
_Lewer|Limit 
General |Weakriffiles 
{Medium “ 
 Upper|Limit 
san 
General 
FOU 
Medium 


5 750|/45.3] None |Smooth bed 

6050/49.6] Weak | “ “ 

6 770154 .9|Medium (—)| 
690/59.5|General(—)| 
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wo 


AAR Oren 


Jo.00125 4.20). 
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:1000° 


168 . 5/84. 88)1.99)36. 
202. |86.02)2.35/32. 
84/30. 
-31/33. 
-40/33. 
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-05}.... 
.33 


23.2 |0.00 


-60/34. 
-15)37. 
-61/39. 


- 26/42. 
5.47/42. 


9 040/60. 
9 830/62. 
12 200/67. 
14 350/71. 


17 400/77. 
18 000/79. 


Lower Limit 
General Smoothbed 
‘Upper Limit 


Weak rifles 


-90}. 90/41. 


par 


General Excessive 


— 
4 = 
41.8) — 
0.00160 +e 284. |87.7 | 61.010.0127] 11 = 
3 13 11.1 297. 5] 70.9/0.0127 400|69 . 2 | 
9 | 20 |12.96 4.25/47 .4 393.1904 1281 14 
e 77|0.00169|5.14 87.88 1] 48.5 
:9610.00 : — 
“ 1 -00125)1 — 
rth bed 0:00138)3 2 1 4 
-5 {0.001 
othbell | 35 |12. — 
iu 
tum (=! 
it 27 6 1 1)57 37 210.0126 5 — 
7 | 9 001 |3 319. |88.62|3 1/579 46.2 
0.001 3 373. |89.94/4 3/57 52.1/0.0 
ah 12 |13. 0.001. {5 3/58 60. "0128 
5 3/0 
4 20.6 sates 


Duration of flow, 
minutes 


4.21)0.00167|1. 
- 10}0.00167|2. 
3. 20|0.00167|2. 
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Chezy coefficient,C 
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.0127| 1280)27.5} None 
2 240/33.5} Weak 
.0126| 2 740/36.0 
.0126| 3060/37 .2|Medium (—) 
.0126} 3180)37.5| Medium 


.0126} (+) 

4020/40.6|General (—) 

:0126| 4670/43.6, 
.0126| 4930/44.5| . LowerLimit 
.0126} 5 480/46.0) General 
0126] 5900/47.4,. 

0125] 5870/47.2). 

0125| 7 720|51 

0125} 9200/55.55 “ 

0125] 10 800/58.2}, 

0125] 11 700|60.5). 


q 


).0125} 


.0125| 9520/56.3} |Smoothbed 
.0125| 17 100|69.0} 
).0125| 18 700|71.5| Upper Limit 
. 0125} 20 300/73.9} General 

0.0127| 3940/42.6] Weak |Smoot! 
0.0127| 4730|46.0| Weak (+-) 
0.0127) 5700/49, 1/Medium 
0.0127] 
0.0127| 7360\53.7| Lower Limit __ 


7 660/54.5|) General 


moo. 


0124 10 300 61.1 
[0124] 15 900/725) 


.0124| 18 300/75.3} 
.0124| 19 300|77.1, “ 

0124|20700/80.3}. J 
UpperLimit _ 
.0124| 22 900/81.6} General 


riffles 

“ {Weak riffies 
.0123} 10 120/61.1) 
.0123| 7840/56.5) 


> 
a 
a 
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0123] 6 800|53.3/General(—) 


5610|50.2| medium 


Reading Na 
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Riffles 
— ill 
a) | (11)| (12) 
Px 
= 
1] 14 0025 |0.77|23 19.310 Smoot i bed 
- be 9 17 5/0 “ “ 
3 | 13 7\0 
— ) ) Medium 16 
22 |10.35|qm00253| 0/46.1| 1 
23 |19.3 5 $9 
Oa * |... . M25 .|4.60|5 
27 
— 
— 
16 | 7,9 |7.00167|2. 
| 19 0.00169 | 3 
10 | 15 |15 0.00167| Medium 
| | 17 [0.00167 Mites 
14 | 20 |o.00167| 
oF te 4 ll 
16 | 23 |24.0 |0.00167 
|'15' [26:7 'jo-00165 
18 | 45 |11.2 |0.00167 
21 | 11 | 7.2 |0.00174 
92 | 10 | 5.93/0:00171 


MOVEMENT IN FL UVIAL 


TABLE 1.—(Continued ar 
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, in grams 


face 
S 


reed 
_ centimeters per secon 


in 

per square meter 
d 


in centi- 


fficient, 
T 


second 
water sur 


y coe 
Tractive force, 


in minutes 


in centimeters 


S, of 


= = 
Mean depth, d, of water, 


meters per second 


incentimeters. 
square centimeters _ 
Hydraulic radius, R, 


meters per secon: 


section, p, in centimeters 
Chez 


Duration of flo 


| Mean velocity, 


Slope, 
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Coefficient of kinematic 


viscosity, V, in square 
centimeters per secon 


Area of cross-section, A, in 
~ g Wetted perimeter of cross- 


‘ae velocity, », in centi- 


Discharge, Q, in liters per 
Velocity of wave, 


(10) (11) (12) | ¢ 


85.782 .39)28. 7| 31.8]0. 0.0) Weak Smooth bed 
.9|Medium 
.O|General(—)} “ “ 
Lower Limit __ 
Smooth bed 


Weak riffles” 
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Weak rifles" 

Smoothbed 


6 
23. 
21. 
18. 
16. 
14 
13 
1 
1 
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t 


{Medium 
589. 95. 30/6. 19 45. 2 51:4 4/0. 0124 2 84. Medium 


wh 


08.4 0. 0125) 27 600 General | 

.36/35.8 .3/54.4) 33. _ Weak 


62.6 Medium (+ f+) 
68.5 General(—) = 
Lower Limit 
General Smooth bed 


Medium 


Je 


ond “"riffles 
Upper Limit 
"General Excessive 


0.0125] 13 300|71. -5|Medium (-+ 


0.0124] 10 760|66 .4|Mediam (— 
9.5 |0.001 |3.96|/35.8|319. |88.62|3.60): 39.6|0.0124) 600|62.5) Weak 
22 | 4:9910.001_ (2.72/28. 11219 .5|86. 1412. 55122. 0: 
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23.1 
115.06|0.001. 
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April, 1984 
| Bed | Rifle 
— 
— 2] 12] 7.9 |0.00125/3.07/36.7|247. 
bed 3 |-17 | 9.5 |0.00125/3.40/39.6|274. 
“ 4 | 11 |10.75]0.00125|3 67/41. 5/296. — 
“ 
5 | 14 91/42 5/315. 
“ 7 | 58 63/47 0/373. 58.0/0.0127| 12 900|67.5) 
“ | 15 1/409. |90.84/4. 50/40. 5|53.9) 63.5/0.0127] 14 300/70.5) — 
« | 16 68.5/0.0127| 15650|73.4 “ Weak (+) 
hbed 10 | 19 .96/52.2)481. |92.62|5. 19/43. 74.5|0.0127| 17 800/76.5]  |Medium(—) 
15 /0.00125/6 .39/53.7)515. |93.48)5.51/45.0/54.1) 80.0/0.0127) 19 500 Medium — 
13 | 20 0.00125|7 .02|56 .3|566. |94.74|5.97/46 .6|54.0| 87.8/0.0126] 22 000 
les 14 | 30 | 0.00125|6 .60/53.7|532. |93.90|5.67/43.5|51.6| 82.5]0.0126] 19 500 Medium (—) 
15 | 30] 0 .00125/6.26/52.0/505. 78.3/0.0126| 17 900 ‘Tiffles 
m 16 | 30 | 71.1/0.0126]15500|74.8) 
les 17: | 80 0.00125|5.29)/47 .3]427. |91.28/4.68/38.6|50.5| 66.10.0124] 14 500|72.1 4 
dium 18 | 35 60.5/0.0124] 13 300/69.0) 
fies 19 | 15 0.00125]4 ,60|44 4/371. 57.5/0.0124) 12 300|67.4, 
th bed 20 | 12 00125}4 .22/42.5/340. 52.8/0.0124| 10 800|64. 5|General( 
dium 21 | 10 | 49.10.0124] 9700/62.2} Medium 
les 22 | 11 00125]3 .22|36.7/260. 40.3/0.0124| 7030|56.4| Weak jSmooth bed — 
23 | 10 25.2|0.0124| 3240|44.6| None | “ “ 
files 24 | 30 00125/6 . 70/53 .7 — 
By 25 | 30 00125|7 . 30/56 .7 
26 | 30 00125)7 .51)57 5/606. |95.72)6 .34]46 94.0]0.0124] 23 
27 | 45 10.00125/7 .92)58.8/639. 196 .54)6.62/47 99.0|0.0124) 25.500/88.4) - |Medium(+) 
a 28 | 80 133.7 
1} 11) 4.9 
2 | 11 | 8-2 
| 16 [10.9 10.001 |88.68 33 39.9/0.0125] 9 810 
5 | 10 |0.00105|4.25/40.6/343. |89.20 35 44 .6|0.0125| 10 760 
6 | 20 113.9 |0.001 |4.76/42.3/384. |90.22 36 47 .6|0.0125} 12 300 
oot Cie 36 48 .3|0.0125| 12 600 
7} |14.8 |0.001 |4.97/43.3/401. |90.64 37 49.7|0.0125) 13 100 
8} 14 |17.5 |0.001 |5.62/45.5/454. [91.94 38 | 56.2/0.0125| 15 200/™ 
9 | 23.119.6 |0.001 |6.15/48.5/496. |93.00 39 | 61.5/0.0125) 16 900|77.8 
10 | 21 |22.6 [0.001 |6.69/49.7/540. |94.08) 66 .9/0.0125] 19 200/81 .1 ‘ 
11 | 23 }25.0 |94.42 69.4/0.0125] 21 200/82 .2 
12 | 19 |26.6 |0.001 |7.30/55.2/589. |95.30 73.0|0.0125| 22 300/84.9 
13 | 20 |29.5 |0.001_|7.76|57.5|626. |96.22 77 .6|0.0125| 24 500|87.5 
rifles 14 | 32 131.5 |0.00105/8.34/58.9|673. |97.3 87 .5|0.0125] 26 000/90.6 
bel | 65 |98.5 89 ,4/0.0124| 27 500/93.9) 
« 25 (35.5 [0.001 |9.26/59.7/747. |99.22]7.54 92.6/0.0124] 28 800/95. 5] 
0.001 94. 2/0.0124/ 29 200/96 .4 
| 20 (37.7 10.001 |10046/7.94 $8.5 0.0124| 30 300/98 .6 
a 
| 69.1 


SAND ‘MOVEMENT IN IAL 


4 The values of in 1 Column (4) were computed from 
2 and 6 as the mean slope between these stations. Column (5) contains 
the mean of the depths at Manometers Nos. 2, 3, 4, 5, and 6. depth thus 


obtained was ‘compared with the recorded profile. and, if, necessary, corrected — g 
the total change of the mean bottom elevation for ix instances where the 


introduction and discharge of bed- load material were not satisfactorily in 


3 equilibrium. The values” of surface velocity in Column (6) were from float 


observations. Note that 1 cm per sec is equal to 0. 3937 in. per sec. a 


In Column (7), A, cross- -sectional area, is equal to the “product of 
Column (5) and 80.7 em, the constant width of the flume. Likewise, 
Column (8), p, the wetted perimeter of the cross- “section, is to the 


of 2d (from Column (5)) and the width of the flum e (80.7 ¢ “We 
The artificial -roughening of the walls | of the permits assumption 

hat ‘the ro roughness of the walls is about: equal ‘to that of the bed. ' This is 

confirmed when the resulting C-values (Column (11)) a ire compared with 

values of ‘given by Strickler. In this: manner the ‘cumbersome, 

not “necessarily 1 more reliable, ‘computations involving a coefficient based 


on different degrecs of roughness of walls and bed ‘ome avoided, 4 


The hydraulic ‘radius in Colurtn. (9) is equal Column (7) , 


=1000 x olumn ; an hezy co 
1000 x d the Chezy coeffi- 


necessary values being taken from (4), (9), and (10), , Table 
The tractive force, T (see Column (12)) = 10000 d, values of and 


being taken from Columns (4) and (5). theory of tractive force is 


in Part II of this paper. ‘The coefficient of kinematic 


* Sle Column (18)), i is read from a viscosity temperature curve; ; Reynolds’ num- 


Column = is the product « of Columns (9) and (10) 


_ vided by Column (13). ‘The wave velocity i in Column (15) = i rr in which, g 


= 981 em per sec’, and d is from Column OF 


ied) 


The locations the lower and upper limits" (that. is, the beginning of 


‘general bed-load movement the appearance of excessive riffles) are 
_ ce Columns (16) and (17). _ The experimental procedure makes it improbable 


that any | single reading v will locate one of the critical limits exactly ; a limit is 
likely to be bracketed between two successive readings. Therefore, the 


ee critical value of the tractive force is inter polated between two readings, the 
exact location within the interval being estimated from 1 the observations. 
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SAND MOVEMENT IN FLUVIAL MODELS 
TRANSFERABILITY OF EXpERmMentaL REsutts 
7 : ~~ results of th e experiments must be judged first by their transferability. pr 
Eisner’s: seven limits” that enter into consideration here are applicable for 
transference from model to Nature, or, as in this case, from flume tox model. 
—The ‘Concurrence Limit. —In river models usin ‘sand beds (that i is, in 
= g 
4 _ “geschiebe” experiments) both gravity and friction exert determining influ- oa 


" ences on the phenomena of flow. Gravitational similitude is obtained when | 

number, Fe , for and or a second model), 

: + the same value. _ Frictional similitede i is obtained when Reynolds’ number, 


R = = — has the same value for both. With either one. of these forces - 
exerting a determining influence, ‘the other may be neglected. ‘In experi-_ aif 


involving bed-load movement however, both forces have a pro- 


nounced effect. To satisfy. simultaneously both mutually contradictory re- 
quirements, however, is impossible. concurrence limit develops, then, 


that can not be overcome in practice. As a result of this difficulty, hee 

as well as all others on bed-load movements, are not directly 

aa transferable. _ This largely justifies the usual conservative manner in which 

results| of river ‘experiments involving bed-load movement are judged, and 


‘< responsible for the velmeeenieemeceah their qualitative but not of their quantita- 


—The Limit.—This limit does not enter into 


 8—The Critical Velocity for Appearance of Surface Waves.—The limit 
- for surface, waves is at 23 cm per sec(9 in. per s sec). At] lesser velocities these a 
waves cannot occur due to surface tension. 
“eh Column (6), Table 1, shows that surface velocities at all ascertained limit- ve 


ing points are invariably greater than the : given critical value of 23 cm eA sec, 


no bed- -load_ movement whatever place, and. that the first “discernible 

q ’ movement occurred just after de: critical surface velocity had been exceeded. oa. 

om The data contained in Schoklitsch’s valuable compilation” of critical » velocities 4 
as observed by du Buat, Telford, Blackwell, and others, and the unpublished af 

findings from the comprehensive ‘ ‘geschiebe” experiments conducted by Krey, a 

substantially the same results: in yg ‘Tespect as do the present experi- 4 

4 

velocities: (or surface and “geschiebe” movement is a moot 4 q 

 4.—The Laminar-Turbulent Limit. —This limit results from the require . 2 

—_ that Reynolds’ number, R, should be greater than 5 000, to insure turbu- | i. 


lent flow with a liberal safety factor. _ That this requirement was met by all 


- the ‘critical points obtained is shown by Column (14), Table 1. ara ee 


oe 6 “Offene Gerinne,” von F. Eisner (Handbuch der Experimentalphysik, Vol. IV), =.) 4 
Wien, und Harms, Leipzig, 1932. (Printer’s proof made available before’ publication — Sh, 


3 
‘Uber und Geschiebebewegung, von A. Schoklitsch, Leipzig und Rerlin, 
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—The _Shooting- ‘Streaming Flow Limit.—This limit may also be de 


mathematically from the relation that for the rectangular cross- 


(Column (15), Table 1). T hat 1 this condition v was met for all critical points, - 
slope approaches 1: 200: (mean) = 


and indeed for all observations, is shown by the direct comparison of od 
Moreover, with the existing slopes and (C- values, (Column (11)), shooting 
Ri = C Sd; and, 
(shooting) gd. At limit, ‘then, 45 Sd= 981d; from which, 


~ section used, the mean velocity must be less than the “wave ‘ velocity, J od gd 
mean velocity, (Column with the “wave velocity, gd (Column 
(15)) 
manner under the assumption that C= 45 m’* per sec and g= = d for infinite 
width, the transition from streaming to shooting flow can only 
__ The slope of 1: 200 is i. to be considered, therefore, as the upper = 
“ 


flow is | certainly not to be anticipated. As Blasius® has shown in a similar 


ression, “ ‘moderate slope.” This limit has its special 
not only for the type of but for ‘ ‘geschiebe” move- 
= ie ment as well. The elaborate experiments made by Gilbert” in (1907 to 1909, 


x only fixed the e starting point for bed- load movement, but brought out two 
- ether pronounced critical stages in the process of movement, which have been a 
confirmed by Forchheimer™ (a) Transition fr from ordinary riffles progressing | 
toa ‘smooth 0 or washed out bed; 


For the in bend, Gilbert's been converted into the ‘metric 
system and correlated with the velocity, A/ gd. The resulting values 


3 are shown in ‘Fig. 9. This shows that the first critical point is just ‘above ¢ the 4 
critical wave measurements, as Gilbert himself admitted, were 


a ao not highly accurate—and that the second | critical point is located in nearly 


- 


A purely mathematical analysis: of ‘riffle formations has been developed by 


Exner”. able ‘treatise however, based, upon rather doubtful simplify- 


& —The Roughness Limit. t.—Since the walls of the. experimental flume were 
as in river model construction, a certain | similarity i in the roughness 
a teat was obtained which is an important factor in the transferability "i 
= results. This limit cannot be ignored even in flumes” having movable 


The “Geschiebe” M ovement Limit. -—The “geschiebo” movement limit, 


whieh’ these experiments are basically concerned, requires that bed-load 


oe ; a ‘and end in the model at stages corresponding to those for 
=| 
conditions in N ature. The determination of this limit was one of 
von Ph. Forchheimer, Leipzig und Berlin, 1980. | 
“Uber die Wechselwirkung zwischen Wasser und Geschiebe Fliissen, von 
‘Sitzungsberichte der oor _Wissenechatten Wien, Section IIA, Vol. 134, 


Wasserbauliche von Némenyi_ (Handbuch der physikalischen 
uae technischen Mechanik, Auerbach ‘und Hort, Vol. Vv), 1931. 
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objects of these experiments. the’ it may be con- 
cluded’ the inception of “geschiebe” 1 movement with quartz sand 
cm per sec | 
to the as given by Eisner, 
there arises question of whether the results” obtained from studies in 
ined dies in 
straight flumes. of rectangular cross- ss-section are readily transferable to river 
models with sinuous courses and irregular cross-section. Gilbert™ arriv ed at 


"First 


"Second Critical Point 


> 


eo ¢ 


alues of Depth, d, 


Pag, of Mean Velocity, in feet second 
Values of Mean Velocity, Vz, in centimeters per second 


Lk 
Fic. RIPFLE DEVELOPMENT 


| “the o ‘conclusion, which is accepted i in modern practice, that with | equal width- 


depth ratios, the results of his principal experiments (with a straight 


flume) were, in gener ral, quantitatively. transferable to channels of ‘different aot 
trace. _ With reference to the exp experiments here under discussion such trans- . 
"ference is permissible to the degree that the following conditions are ap- ne i “a 
pescags (4) Uniform flow in model and flume; and (2) infinite width with ae 


The three principal experiments—depth, slope, and sand 
_ mixture—form the’ criteria for the systematic study of the results. Except 
for special isolated cases, ‘the study of velocity was purposely not undertaken | 


decause that is a derived and not an independent criterion, being a funetion 


4 of depth and slope; these are also the primary determinants for 


. yy. 


force, Velocities computed ‘from the observations are listed for reference in 


| 
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uring Devices, Paragraph: the critical tractive force is that which effects: 
a general movement the bed load to and including its largest. com- 


Ratio for a a Constant Sand Mixture. .—Fig. 10 that 


ae “tures lie, ‘except for very ‘moderate dispersion, on a straight line parallel ¢ to ‘the 
hye @-axis. Since the ordinates in Fig. 10 represent tractive force (T ze 8 d), 
this straight- -line relation may be described in the n mathematical terms: ze 
= constant. means: that for the three sand types investigated, the lower 
7 limit of tractive force remains constant between the slopes, 1: 400 and 1:1 000, 
P) and, therefore, is not determined by either d pen or 8 alone, but is solely a 


0.25 | 


Sand 
Send I] 


i 


J 


ractive Force, 7, in grams per sq meter 


 Tractive Force, 7, in pounds persquare yard 


x 
ie 


1G. 10.—Lowsn AND Carrican Tacrive Force IN TO 
‘The fact that ‘identical “geschiebe” in open channels of ‘moderate ‘slope 


- invariably have the same | lower limit of tractive force has already been estab- 

Wished from extensive observation by other “experimenters, and is again con- 

firmed by these experiments. Kreuter™ has probably made the most. exhaustive 


of this subject in Nature. _Schaffernak’s experiments’ with a single ‘| 


act 


verification with uni-granular sand, Gilbert’s experiments,” although lacking 
fully dependable slope measurements, , agree ‘substantially with this fact. Like 


wise, Krey’ experiments, and other unpublished data. derived P. 
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“with a fixed law. It will be designated a - the Law of Constant Critical Trac- 


Steiger’s verification™ of this law is of interest. Steiger states that: 


The compilation of many observations of the action of revetments during 
high water reveals that the damage Ae in. * * is constant in those instances 


which the product of the multiplied by the depth has a constant 


Dependence of Lower Critical  Tractive Force on Properties of Bed- 
‘eat Mizture—A study of the lower critical tractive force in its relation 


to the three sand mixtures tested (Fig. 10), will show 7 To for Sand I to have 
‘the greatest value and, for Sand II, the least. From the description under the 
heading,» “Program of Experiments,” of the preparing the three 
& mixtures and from the sieve curves in ‘Fig. i,; the: three sand ty pes may 


be roughly classified as follows (50% of. the rains are larger and 50% are 


rt of grains, Ng Median diameter of 
o 5. 
oitity 
55 


eit 
the lower critical tractive pally view of the definition of the lower critical 


IH, which is ‘Sand I with 


of less ‘than 0.385 mm sifted out, is less than for Sand Although 
the total ‘difference is small, a difference in that direction was observed in 


each experimental run (at ‘each different slope) so that this result could 


searcely be ascribed to accident or errors of measurement. median grain 
size or any other criterion, ‘Sand III certainly must be considered coarser than . 


Nevertheless, the coarser sand has the lower critical tractive force. 
‘This result is also in apparent contradiction to the usually accepted belief 


that the addition, _or rather admixture, of finer sand | particles increases 


> 


: ried to the theoretical iddttiecle.” The addition of ever- -increasing quantities of 
_ fine particles to a given mixture leads eventually toa condition in which the 
added material acts as a binder for the original components of the i mixture 


prevents the movement of the originally loose but - ‘now ‘compacted parti- 
cles. Assuming, further, that the material added. is entirely lacking 


eohesion— —which is never quite true in reality—there is an increase i in ‘the 


@ 


» 


“Haltbarkeit der Uferbauten in bezug suf die Schleppkraft des fliessenden Wassers,” 
on A. Vv. reich Schweizerische Bauzeitung, 1918. (Quoted from rev iew by. K 
Osterreic hische fiir den Offentlichen Baudienst, 1919.) 
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dent confirmations, it would appear justi- 

nahie to recoonize the aet tha these natnral henomena neeur 
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stand grain density y (grain -quantity)—in terms of than. 
terms of volume—in its effects on the critical tractive force. He arrived at the 

perfectly logical conclusion that, all other factors remaining equal, the critical 
tractive directly with the g grain volume and with the r of 


aa he addition of finer material—as the creation of Sand I from Send it 


‘might be ‘imagined—had ‘two results: A ‘reduction of the mean grain volume; 


The first result would increase the ‘movability of the mixture; 


would decrease it. ‘The : same conflicting action is also true when the engl 
is reversed; that is, when adding coarser | grains to a given mix. Then an 
increase in the me an grain volume and i in the void space results, and opposing 
again affect the critical tractive force te 
usually accepted in "practice that the addition of finer particles to 
mixture results in a decrease in ‘the critical tractive force. This 
ae assumption i is probably due to the fact that i in the usual | case not ‘enough: has 
Bs been 2 added to pass the ‘point at which the reduction in the mean volume of 
cs the grains would be outweighed by the increase in denseness. As to Sand [ I 


Sand it is. evident that in Sand I the interesting condition w was 


Wve 


ume 


(with ‘tendency to shia’ the tractive force). In ‘this instance! evi- 


—_ Ps the condition of optimum movability, which i is reached through pei 7 
of fine particles to coarse mixtures, has been exceeded, 


WITGL 
The relative effect of these two properties—grain volume and ‘denseness— 


eee ‘cannot be derived directly from these experiments. | ‘The answer to this ques- — 


—— would require detailed and systematic experimentation in which dense- 


would have to be chosen as an additional variable. Gilbert's “extensive 

research™ includes such ‘experiments. He conducted systematic. experiments 


ae on the > movability of “geschiebe, g first with eig ght « different uni- -granular sands, 
and then with artificial bi- granular mixtures composed of two of the vsimaey 


sizes. Within each combination, mixtures of, various proportions of the pri 
mary ‘components were including 20%, bi 50%, 67%, and f 


Fas 


- 


determined by measurement: of the load moved per unit time—all | other 


j 


“Fira 
a we That with the addition of fine to coarse grains, the movability of the mixture 
increases and reaches a maximum when the mixture contains from 60 to 90% 
—— . (an average, then, of 7 5%) of t the finer component ; . and the movability then 
"decreases 1 until it reaches that of the finer primary component; and (b) that 

the: total void of the is always that of the uni- 


when it contains from 30 ree 10% of the finer component, 
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April, 1934 IN FLUVIAL MODELS 


ith; From these observations Gilbert™ concludes that the optimum of f movability 
does not / coincide directly with ‘the optimum of denseness, with | which con- 


clusion the results of these experiments agree. 
‘In any case, t the common practice of judging | the relative movability of 
various “mixtures only by the mean grain diameter or by any other function aa 

of the grain size, cannot be justified either _ theoretically or experimentally. _ 

Both denseness and grain size are essential factors in determining ‘movability. | 
3- —Lower Limit for Commencement and Cessation of Movement. —As seen 


ie the remarks i in Column (16), , Table 1, numerous observations were made 7 


during falling ‘stages to determine the point ¢ at ‘which bed-load movement — 
ceased. The general result of the comparable observations is that the tractive 


 foree at t which movement stops is from 0 ‘to 20% (on the average, 12%) larger 
than that at which it begins. On the other hand, observations in Nature 


| conducted by. Krapf* and by Kreuter* show that the tractive force was 


"measured ‘to be 20% greater at the commencement of ‘geschiebe” ‘movement 

than at its cessation, while Schoklitsch’s experiments” with uni- -granular sand a) 
showed “that this difference depends | on the finer constituents of the sand oa 


that for a clean uniform sand, the difference approaches zero.” are hon 


a, he foregoing apparent contradictiens certainly y require explanation. In 

the first place, a comparison. between critical tractive force observations dur- 

ing rising and falling stages can be made only by 1 taking into a 


» the existing r roughness relations at the time of the observations and the laws 


mechanics governing movement in the two. cases, At equal depths and 


_ slopes and, therefore, at equal tractive forces, 1 the relative roughness deter- 
mines the rate of flow and the impulse of a given mass of water. tr Oe et 
_ The commencement of bed-load movement in ‘ordinary mixtures follows 
as a result of the removal or loosening of the finer particles which bind the a 
“mixture, whereby the ec coarser grains” become more and more exposed until ~ aa 
- last their static resistance to movement is unable longer to overcome the force 
the flowing water. With. the movement in progress, its continuation with 


out any acceleration deceleration, Tequires merely an exertion of 
; 
equal to ‘the frictional resistance to x movement, which is s always less than that 
"overcome the frictional resistance at rest. Considering 


of a given mass of the following relation must hold: 
us, the conclusions. ae Krapf ‘Kreuter justified under ‘the 
that, for like stages of movement, equal: velocities: ‘existed at 


equal depths and slopes. This essential ‘condition, however, is not ‘mentioned 


In ‘Schoklitsch’s experiments" * the impulse difference could 


, “have been measured, since the bed-load material, due to its epecial composition, 


“Die Schwemmstofftihrung des Rheins und_anderer Gewiisser,” 

Osterreichische Wochenschrift fiir den dffentlichen Baudienst, 1919. 
Der Flussbau,”’ von F. Kreuter (Handinch g 

6, Fifth Edition), Leipzig, 1921. 
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a possessed a low frictional resistance at rest, and in movement ‘iii in 
noticeable changes in bed roughness or velocities, 
i: co the present experiments, the e commencement ¢ of movement occurred on 
an artificially | constructed smooth bed. : For the observations made after ct 
tion of movement, the bottom sv surface had been disturbed by natural forces, 
v3 "resulting: either in riffles or in the re-arrangement or sorting of the particles. 
jie ae As may be seen from the corresponding C- values in Column (11), Table 1, 
bed in each case was relatively rougher a at the of cessation of 1 move- 
ment than at its’ commencement. ‘difference i in roughness resulted in 
"water would flow through the flume at a lesser velocity during falling stages 
than during rising ac The difference amounted to from 0 to about 25% 
(14% on average). A simple computation shows ‘that, in 
observations of these impulse was” at cessation 


the fact that, for the same depth of water—the slope being held constant—the 


are found to be in accord with the lew of f impulse. Tiarwigh “git nar ail 


tr “tts al es nA vine 


dup: According to the definition under the heading, ‘ “Definitions” J h 
the upper eritical tractive force” is that which just precludes excessive 
es In evaluating the results of | the experiments it must be recognized, 


however, , that the “upper limit is much more difficult to establish than the | 
lower limit; is not as distinct; and, because of the unavoidable subjective 
a influences, i it is not determinable with a very high degree of exactness. — Never- q 
theless, the results are of qualitative value. sor | 


1 Interdependence of Depth and Slope for a Given Sand Mizxture— Fig. 4 


10 shows that the curve for the upper limit plotted a against slope may be con- 
4 sidered as a straight tine, which, however, is inclined, and is ‘not, as with 
lower 1 limit, parallel to the g-axis. Since the tangent the angle of 
inclination is positive, this | curve shows that the - upper critical tractive force — 
the slope, or that at slopes the upper 


—Dependence on Mixture Properties. critical | comparison the 
he 
the upper limit of the three sand mixtures (Fig. 10) shows. that 


‘Sand II has a pronouncedly lower, upper limit of tractive force than the other | 
two sand mixtures. - ‘Sand II is composed of a finer and more nearly uniform , 


mixture than Sands" and This" result is identical Krey’s s Elbe 
experiments” from which he drew. the conclusions “ “that riffle formation 
depends on the uniformity of the grain size (mixture ratio) as well as on the 


higher upper | limit than Sand I. IIT has the same coarse 


beversuche,” von H. Krey (Unpublished on Elbe Experiments), Prus 
Experiment Inst., ‘Berlin. 


A comparison of Sands I and III in ‘this respect shows that Sand III has a | 
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prec as Sand I, but a as a result of the sifting « out of grains smaller - than 


Py 


0.385 mm is of considerably different composition in its finer. elements (see 
; ‘Fig. Hy This indicates that the addition of finer particles to a given mixture > 


- would lower the upper limit, or that excessive riffles would occur at a lesser 


practical purpose of these experiments was, ‘as outlined 
under “Motive, Scope, and Purpose of 1 the Experiments,” the determination of — 


ig 


i 
suitable mixtures for models of streams in which bed-load movement. occurs | 
even at low- -water | stages. _ Accordingly, the zone of usefulness of a = 

= lies below the determined upper limit and above the determined lower limit. 
- Since linear scales (length, width, and depth) are , the first consideration in 
dg a d 


\ | binow TH 


standpoint of depth. be re- however, that the determina- 


Sw of the upper li limit cannot be made with the s same precision | as the lower wy 


limit. From “ordinates i in Fig. 11, the practical depth range can q 


_— for each of the sand mixtures Ww hich were investigated 
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Papers 
—Depth-Slope . Dependency of a Sand Micture—It from Fig. 


for one and the same the magnitude of ‘the practical depth 


The simplified assumption (made in the the limit 
| curve) that, within t the limits of this experiment, this latter curve is an 
inclined straight line, makes ‘the conclusion 1 regarding the “constancy of the 


practical range capable of mathematical proof. if the “upper 


five 
| 
it can be mathematically ‘die the zone e of | use- 
z (that i is, the ordinate segment between the “upper. limit curve and the 
lower limit curve, ‘ = = ko), increases with increasing slopes. | 
* ‘al For practical. purposes, however, the assertion suffices that the slope has no 
decisive influence | on the zone of usefulness but, other considerations 
equal, the greater slope i is preferable. 
2—Dependence on Mixture Properties.—Fig. 11 tends to show ‘that the 
. zone of usefulness: for Sand it is ¢ confined to narrower limits than that of 
the « other sand types. Aco comparison of Sand II with Sand I indicates that the 
ifting of the coarser components from the mixture, despite the consequent 
a : reduction of the lower critical al tractive force, ca causes an ¢ even greater decrease 
ag comparison of Sands I and IIT shows that the zone of usefulness of the 
latter includes all that of the former, : a fact which brought out by 
previous discussions on the upper and lower limits. The sifting out of the 
“finer components (Sand it from Sand 1) raises the position of ‘the upper 
limi mit; but the influence on the lower limit jis dependent on on the “changes: in 
: the void: and mixture relations. _ According to these results, it appears entirely — 
= possible ‘and probable that a mixture re prepared by a a less iowa sifting than 
a was given Sand III would result i in b both a higher upper and | lower lower limit 
than for. Sand I. This procedure would be of practical | value when, 
instancé, for a given 1 depth scale, or rather given low-water depth, 


“TABLE 2 singe THE ZONE OF UsEruness » 


| 


convenience, the C- values of ‘the Ohexy A/ BS derived 


ok) 


from observed data within the zone of usefulness of each sand mixture an 
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SAND MOVEMENT IN FLUVIAL ‘MODELS 


each slope ai are compiled in Table 2. ‘These data should be used only: for 
‘rough preliminary computation in model design. In calculations for trans- 


ference from a particular model to Nature, the model C-values used in the 
‘computations should be taken’ from the actual model. 


peer 


> 


© 


to river models of comparable width-depth ‘ratio, were e drawn: 

1.—One and the same bed-load material under the usual ‘moderate 


ett gives the same value for the lower critical tractive force! This is. 


investigators, the following | conclusions, which may be applied 


ert 3.—For a given sand mixture, the upper limit (and with it the occurrence 


te excessive riffles) varies directly with the slope. 


4.—Well-graded_ coarse mixtures reduce the tendency toward 


a 


5.—Based on requirements of laboratory technique, well-graded mix- 
tures are preferable for river models. a of the finer components is’ 
¥ 


— COMPUTATION OF CRITICAL ils 


‘TRACTIVE FORCE 


.., 
attempt will now be made to derive analytically a formula 


computing the ‘critical tractive force for ; ‘geschiebe” ‘and to 
check: it by existing experimental dataa oF 
i 


‘The essential conditions to be fulfilled by a formula’ for ‘the trac- 


ion 
force per unit area having the dimensions (weight. x length” 


= 
i» @ Its ‘useful rm range ae be as. great as possible, — This requires that it 


into ‘consideration, satisfactorily, all essential influences, and that, it | be 
applicable. over the full: range of values of the individual influences. 
The individual factors must be capable of definite by 


simple direct measurements or from reliable experimental ds ata. 


Buat’s’ basic idea of. expressing friction between running water and a 


‘the weight « of water overlying the a 


- 


April, 1985 —— 
| 
| 

— 
= 
| 
_ 
— 
t 
— 
— 
4 
— 
— 
J 
di 
— 
— 
— 
ia d 
nd —Yiver bed by the product of the slope anc 


heory by du du as a result of observations — 
* du Boys’ theory i is built up as follows: 
preset a alien stream with wuioent flow, the bed of which is in a state 


Uic 


of equilibrium. — The water surface i is an inclined plane parallel to the stream 
The : slope = = §, and the depth of water = d d. At a given instant a 
oe of water with a bottom surface area 0 of f unity is resting on | the bed. «wg 


‘the bed exerted no retarding influence whatever, the | prism of water would 
slide down an inclined plane of the slope, S, thus increasing its kinetic energy. 
Tf m is the mass of an element of water and v the velocity of the same ele- 


ment, the increase in kinetic energy during the very short period of time, dt 
(neglecting differentials of higher order), would 


in overcoming bed resistance. ~The acceleration is — =gS Be The ‘distance 


~ eovered in the time, | dt, is v dt. The work of resistance, the product of the 


retarding force and the distance, is mgS vi dt. The retarding force itself is 


ae im instead of the element, m, the entire mass of water, M, is introduced 
tat the term, it is — to state, with sufficient accuracy ' (since 8 is — 
small), that M =p-,in n which, p p represents the unit weight of water. Then : 


known as du Boys’ 


- sion does not apply to ideal, that is, frictionless, fluids but only to viscous - 
a fluids. it embraces both the action of gravity and that of friction. _ With the 
' a4 further assumption that friction at the free- water surface may be neglected - 


pore 


‘supposes uniform flow of water and ‘nite, width of channel. expres- 


and that the sine of the angle of slope may be considered, with sufficient 


ee accuracy, equal to its tangent, the expression is valid for all. types of flow; 
Zz 


ak 


‘that is, for laminar as well as for turbulent, and for ‘shooting as well 


ical 
or, better "expressed, for a mixture’s resistance to mov 
ment) may be written as follows: To =f (grain size, distribution, grain 
form, denseness, unit weight i in water). 


Flussbau,” von F. Kreuter der Ingenieurwissenschaften, Pt. 
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2 i Of these factors, grain size and distribution are emeiibie — the usua 


processes, testing enough to insure proper determination 

4 but. “may. ‘be considered ‘constant for the common 
‘ _ types of quartz sand, so that the form factor in this computation may be con- 
sidered equal to unity. _ The void ratio of a mixture in a given condition i is a 
‘measure of its denseness. — The texture factor must be omitted from considera- 
tion since it cannot be evaluated ; in a certain sense, however, it is already 
embraced i in the grain size, grain distribution, and denseness factors. - 
os The formal equation of the determining factors may now be simplified t to: 


in which, Di is the grain diameter ; e, the void ratio; p, the unit weight of the 


quartz sand the average is | 2.65 ‘grams 


é 

sii Derivation of a New Formula © + 


: “4 ——Procedure. ——Any attem mpt to derive in a theoretical, math ematical man- 


ner the constants for Equation (4) results i in a tedious, cumbersome procedure — 
‘Seiden the solution of several simultaneous: equations, each | expressing for 


a particular mix the relation between factors of E quation (4). 


Furthermore, any - equation derived i in this - manner would be e subject - to inter- 
polation only in the narrow range covered by the types of sand used in its 
derivation. A more simple procedure will be adopted, involving an empirical 


method of ‘development. eer at 


A guide for this purpose is is ‘suggested by the e method that E Hummel” —_— 
duced in 1930 for the determination of ‘the strength of conerete from the 
gradation curve: of the aggregate. before him the problem 
neither the denseness alone nor the grain surface alone could be used as a sole 
qiterion for the quality of the aggregate. _ Nevertheless, he > succeeded i in 
demonstrating, means of an ingenious treatment, that, with all other 


remaining the same, the strength of -conerete (or the quality of the 


factors 
my | be judged from the sieve analysis. || 


__ Apparently, it requires considerable imagination to perceive any connec-— 


ik 
tion between the strength of concrete and bed-load movability. | Nevertheless, 
“these entirely separate subjects have a certain common characteristic. The 
‘strength ‘of conerete,_ as is known, "depends on ‘the ‘void ratio. well as 


‘the grain surface (size cof aggregate). These have opposing — 


‘Die Darstellung von Kérnerformen und der loser Massen sowie 
Gesetzmiissigkeiten beim Werden von Schottern und Sanden,” von R. Grengg, Zeitschrift __ 
fir Geschiebeforschung, Vol. III, Berlin, 1927; = 


““Die Auswertung von Siebanalysen und der Abram’ sche Feinheitsmodul, von 
Zement, No. 15, 1930.00 = 
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ve 


Applying “procedure, ‘the sieve analysis curves for all available 


experimental data ‘were evaluated the following manner: As in soil 


* oy mechanics, the gradation curves were plotted to semi-logarithmic scale. The 


scales used were, for the grain diameter, on the X- -axis, log 0.1 to log 


- i 0 mm = 10 em; and for weight percentages, on the Y-axis, 100% = = 10 cm. 


The area, A, bounded by the sieve curve, the Y- axis, and the horizontal line 
at the point, ri = 100%, ‘was measured with a planimeter. _ The values thus 


obtained appear in Column (7), Table 3 A comparison of these values with 


3.—CoMPILATION oF EXPERIMENTAL Data: Critica Tractive Force 
Ey EVALUATION OF GrapaTion Curve 


grams per cubic centimeter 


EVALvATION oF G ION Curve nts, 
Linear 


f sand, in’ 


fication of data 
c gravity 


ific 


, in grams per square meter 
peci 


Classi 


Observed critical tractive sen 


To 


(2) |. (3) (12), 


(1) 62 2.70 | 73.4 | 46.2 | 27.2 | 0.589 | 214 | 35.3 | 26.0 9.3 | 0.358 |. 168. 
(1)} 39 | 2.70 | 67.4 | 42.5 | 24.9 | 0.586 | 196 27.9 | 19.1 8.8 | 0.461 | 103 © 
(1) 80.8 | 47.7 | 33.1 | 0.694 | 198 | 40.0 | 28.3 | 11.7 | 0.414 | 


Experments py F. ScHAFFERNAK FASTA 


Exprertments By A. ScHOKLITSCH 


-6 | 181.4 | 90.7 , 1.00 | 290 |326.0 |163.0 |163.0 
-6 | 160.8 | 80.4 | 80. 1.00 | 257 |202.5 |101.2 |101.2 
-6 | 135.4 | 67.7 , 1.00 x © 112.8 | 56.4 | 56.4 
-6 | 109.4 | 54.7 1.00 62.0 | 31.0 | 31.0 
-6 96.2 | 48.1 " 1.00 16 45.8 | 22.9 | 22.9 


a G (3) | 2.68 | 56.6 | 30.5 | 26.1 | 0.856 112 18. 8) 1 | 10. 3 8.5 | 0.825 | 39° 


F IQ) 


58 | 2:61 | 71:8 | 37:3 | 34:3 | | 125 | 26:3 | 14:1 | 12:2 | | 49. 
32 | 2.57 | 89.0 | 47.2 | 41.8 | 0.887 | 158 | 40.0 | 22.5117.510.778| 


2.65 5 0.265 
2.65 6 0.278 
2.65 ‘1 | 31. | 0.399 
2.65 8 | 0.435 
2.65 0 0.357 
2.65 1 0.424 


Rk | (3)| 100 | 2.65 | 99.5 | 65.6 | 33.9] 0.517 | 318 | 74.2 | 60.4 | 13.8 | 0.229 | 535 


(4) 89 | 2.60 | 75.7) 39.1 | 36.6 | 0.935 28.8) 15.2) 1 

61°} 2.69 | 127.3] 67.0 | 60.3 | 0.900 240 | 95.3} 55.6) 

~ U q (4) | 295 | 2.69 | 156.5] 79.8 | 76.7 | 0.962 | 275 | 185.5} 99.4 
| 490. | 2.69 |171.5| 87.9 | 83.6 | 0.953 | 304 | 264.8] 145.6 


Ter, 
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“the corresponding of critical as derived the 
_ experiments (Table 8, Column (8)), already indicates some relationship. As 
a measure of movability, this A -value i is inadequate, however, since gradation 
curves of entirely different form, that is, mixtures of entirely different char- 
acter and properties of movability), could all have the same A-value. ‘This 


value, therefore, which Hummel found entirely "adequate for his purpose, = 


18 not in itself sufficient for judging the properties of the mixture from its sieve 


a clue, it desirable to extend this in whe 
any relationship that might exist. . The. A-value embraces the grain size of the 
mixture, but not the grain distribution or void ratio. Evidently, this latter 
property must be somehow expressible from the shape of the curve. | It 
seemed logical and definite to make some ‘sub- division of ‘the A- -area and to 
consider the relation between the sub- -areas. 
Jaa Following - this line of thought, the A- -area _was divided into two arbitrary 
parts, A,, the area above, and As, the area below, the abscissa at the point, 
p= = 50% (Fig. 12). The partial areas s were then measured with a  planimeter 
for all sieve curves and the ratio, An: was computed. The 


i 


— 


an 


rb 


Reference Line for 2 
Subdivision ¢ of Area 


Finer 


Percentage 


Cx Grain Diameter, d, in Millimeters 
EXPLANATION OF EVALUATION OF GRAD: TION -CuRV 


against the Ts values. The resulting graish (which i is repro-_ 
duced j in this paper) showed an approximate straight-line relation, as follows: is - 


Following this encouraging result, a similar computation was made for 
instead of semi- plots: of the: sieve curves 8 shown i in Figs. 1 


wed The A, Ag Aa and As areas as well as 


— 
q 
n. 

— 
— 
- 
i 
= 

then commuted (coo Table iim 
TA wag hen eomnited (coo Tahlo 2 to (9)) and plotted 
359 
251 
i 
46 — 
q 
4 
4 


(14). “The representation in Fig. 14 approximately the 


must be noted that the points on Fig. 14 re present ‘several 
copie 
_ sources, many from experiments not directly comparable with those described 


herein. | Accordingly, the Ww orth of these data is roughly classified ‘(Table 3, 


+ 


 decreasingly ‘comparable values. This classification. is not meant as a dis 


paragement of the experiments cited, but only as an aid in weighing and 
4 judging the dispersion of data. Although the line i in Fig. 14 could perhaps 
= drawn ‘differently, it gives a ‘satisfactory “mean « of the eight highest rated 
points in in the ‘Comparison Class (1): A, Mu, _N, and 
: 


After careful consideration of ‘the advantages and “disadvantages of the 


linear and the s semi-logarithmic methods of. plotting the gradation curve. 


which w ere used in deriving Equations (5), respectively, it was 


- decided to adopt the maar ‘method and Equation (6). as the basis for further 


ints y to it 
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Values of Critical Tractive Force, T, in Grams per Squar 
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The significance of the factors of Equation (6) requires detailed 
consideration. the ‘critical tractive force, has been defined under ‘the: 

— is the unit w eight of the sand i in 


e area, A, can be expressed mathematically as: S D Ap, in which © 
Di is the grain diameter, and p, the per e percentage 0 of fin finer material, The expression: 
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G 14 —CRITICAL ‘PRACTIVE Force” IN TO EVALUATION | Or GRADATION Curves 
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gives the mean sbecisen of the | gradation curve of the A- ar area. The mean 
grain diameter, D (a designation first used by Krey in y preference toa median 


value), i is the grain size corresponding to this mean nabscissa. 


In a similar manner, can be expressed as: od 


or , since the reference line in this evaluation is » hrough 


7. 


—p=50% 


(9), A is also equal to As + ‘The e relation, as indi- 
cated i in Equation (9) is, to a certain extent, a measure of the gradation of 


mixture. It will be designated a as the “uniformity modulus,” | or 
perfectly uniform grains this modulus, with the reference line through the 
point, p= 50%, has the value, ‘unity; for 1 mixtures, its s value is always less 


than unity; and with increasing range of maz nM grain -_ 


—The Ultimate Equation (10) —From the foregoing definitions, 


ith the value o of the ‘K, selected from Fig. 183, Equation now 


be written: cil “al 
In Equation (10), To = the critical tractive force, i in grams per square meter; 
: = the mean grain diameter, in millimeters ; — p) = the unit. weight of 


the material in 1 water, i in grams per r cubic centimeter (effective density) ; and I 


is the uniformity modulus. The constant, ——, was expressed deliberately as 


| a fraction, since an expression in more precise form would not be justified by 


+s the accuracy of * the basic data. It is ‘to be noted that the. values, D and MN, 
which 2 are derived from the gradation curves, are in mo way dependent « on the 


—_ 


scales 1 to which gradation curves may be plotted. 


_ eee which is merely a special form of the general Equation Cc 


— 

% 

 p=0 
— p= 100% 

= : 

— i 
— 
o 

— 
— 
— 
ial in water; 
T'o, is proportional to the unit weight of the material in water; 


force is proportional to the grain size; and (c) the critical 


tractive force is inversely proportional to » the ratio; the void ra ratio 
‘The foregoing summary shows that the formula, despite its unusual deriva- ; 
tion, i is nevertheless rational i in its structure and conforms to proved theories. , - 
Since it ‘was derived empirically and. from limited data, its scope of applica-- 
tion a and probable accuracy are subject, of course, to obvious limitations. The 7 
Tange of the basic data indicates an accuracy of the ‘results of the formula — 
ow ithin + 15 per cent. Considering the difficulties in the actual determina-— 
tion of the critical tractive force, this would seem admissible. By virtue of 
“its structure, t the formula is applicable to the quartz, sands commonly used 4 
in] laboratories, including gradations: of ‘moderate irregularity, containing 
grains up to 5 mm in diameter, and having a critical tractive force of as much : 
as 80 grams per sq m. _ The final formula (Equation (10)), ¢ can be simplified — 


for ordinary quartz sand of average unit weight. of 2.65 grams per cu em, to: 7 


Force Theory”: (1) It is dimensionally correct; (2) it takes all deter rmining 
‘influences into that i is, it the process and is applicable 
to the sands commonly used in river, models ; (3) its individual factors are 


+ definite and readily determinable; and (4) its structure is simple. | - 


Ta 


n Part I the writer has ‘endeavored te foramlat in a practice al, ‘useful 
man 1anner the commencement of bed-load movement. | To this end, an empirical 
procedure ‘successfully used in concrete design was adopted. _ By means of a © 
further development of the procedure as it it related t to this problem, a a ‘simple — 
“quation (10). In this 
case as influence of g grain size is , represented by the mean grain diameter, and — 
the influence of void ratio by 2 a uniformity modulus. ‘These factors can 
obtained either by planimetering the area above the gradation curve et 
7 toa any linear scales, or by simple computations based on the curve or on the 
+ tabulation of the sieve analysis data. _ To 8 a certain extent, these factors bl 


= 


existing theoretical knowledge and experimental facts confirms the rationality 


its s structure. However, due to limited basic data, the constant given 


The considerations presented in Part a pre- 
sentation of the line of thought followed, — The reason for this form of treat- 
ment is, that where complex natural phenomena defy direct analysis of the 
fundamental laws governing a ‘Process, it is possible, nevertheless, to form 
logical inferences from individual observations. _In any event, is not 
p sie! that, i in an allied field of applied science, a similar procedure has 


a given useful results while theory 1 has far been unsuccessful, 
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solution of of river regulation, | in whi oh the briefly 


tua 
summarized, is 1 to attain a state of equilibrium between the force of flowing 
7 


water and the resistance of the natural or - artificially modified channel. In 
planning regulatory measures, a knowledge of the hydrographic characteristics 


the stream, its properties of resistance, and the effects of structures is 
essential. ‘The hydrographic data, such as slope, ‘discharge, | velocity, trace, 


_ = section, etc., can usually be obtained by measurement, but knowledge 
of the behavior of the bed material is ‘usually lacking, despite the fact that. 


# is one of the fundamental factors i in design. Attempts have been made to 


data on the movement of the bed material by direct. “observ ation, but, 


It is possible, however, to supplement these "direct observations by an 


ndirect_ analytical procedure, which has been proved sound ‘and workable. 


This procedure can be outlined, as follows 


1—Samples of bed ‘material are from the stream in question, care 
being taken that the samples are representative. 

wer —They are analyzed, and subjected to a flume test to determine: (a) | 


d Ceitieal tractive force: Since the tractive force is the ‘product ‘of. pSd, the 
"determination of its critical value can be made by an arbitrary choice of d or 
ak 


S in the flume, and the determination of the corresponding value of the other 
7 - actor at the | time of. the commencement of general movement; and (b) 


behavior of the bed-lc load material at various magnitudes c of the tractive force. i 


The flume ans analysis ca can be made either | ina a: laboratory flume, ¢ or in an impro- ; 


8—The data obtained can be utilized in predicting the behavior of ‘the 


case is te a of the ‘sample of bed- ‘load 
a material, the critical tractive force can be computed directly from the grada- 


tion curve by means of an empirical formula. The formula developed in 
- Part IT of this paper may serve the purpose, but until the reliability of ‘such 
formulas is established, it would be preferable’ to determine the tractive 


In addition to the direct utilization | practice of experi- 


With a thorough of bed load, it he to 
achieve e quantitative : as well as qualitative results from studies of river model. 


In most cases it is not t possible, o1 or desirable, to use i in the model study « either 
“7 the bed material taken from 1 the actual stream, or a geometrically similar ; 
material. ‘Flume tests of the prototype material and of the material arbi- 
tearily. chosen for use i in ‘the model be made, and scalar relations por 


_ mined both for the critical tractive force and for the load corresponding t ts i 


ore 
— 
— 
| 
- 
— 
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— known, 
it is possible to place greater confidence in quantitative of 

The foregoing treatment indicates a manner of. overcoming some 
obstacles that impede the progress of the ‘practical hydraulic engineer and of 
the. experimenter. The hydraulic ¢ engineer can obtain indispensable basic bed- 
load data by ‘the simple tests indicated. _ The understanding of the movability 
interpret model results quantitatively. ; It is to be hoped that the suggested 
systematic determination and use of fundamental bed- load ad data may con- 
tribute to the adyanee of science in in the field of practical and experimental 


- 


= between natural. and model bed load enables. the e experimenter to. 
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-MULTIPLE- 
"REINFORCED | CONCRETE. BRIDGES 


‘By WILBUR M. WILSON,’ Am. Soc. C. E. 


0°55 
~The multiple- “span arch bridge differs from a single- span arch’ in that, for 
the latter, the ends are fixed, whereas, for the former, the fixed points of the 


structure e are the outer ends of the two end spans and the bases of the inter-_ 
"mediate piers. As. a live load crosses a multiple- span arch bridge the oe 


_Tonding 0 of the two spans adjacent t to a pier produces a horizontal thrust and 


tae a teed’ abutment supporting. a similar single- span arch carrying the same 
structures in this investigation include: (1) three- span struc- 


ing of a without deck; (2) ‘two three- span structures each 
onsisting of a rib, spandrel « | columns, and deck, the deck being a a considerable 


distance above ‘the rib- of ‘the crown; and (3) two three-s span ‘structures. eon- 


spandrel ‘columns, deck, the being ‘low as as 


tegral with the rib at the crown. Of the two structures constituting each 


of the latter two groups, ast had expansion joints: in the deck over r the » piers 


and the other had ex] expansion joints over the piers and at 


Joints near the one- third anne of each span. ‘These : structures were tested at 
_ pier heights of 20. ft, 15 ‘ft, and 10 ft, except ‘he structures having : a low deck 


which were tested at a pier height of 20 ft only. dl ila ian! 


Object and of objects of the tests of the three- 


span structure consisting of rib without deck were to determine its load-_ 
i carrying capacity and to compare the values of reactions and strains measured 


_ _ Norp.—Presented at the Joint Meeting of the Structural Division, Am. Soc. C. E., 
and the Applied Mechanics Division, Am. Soc. M. E., Chicago, Ill., June 1933. ‘Dis- 
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and abutments are fixed. This pier top produces reactions — 
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not seriously affect the results. It was ‘hoped that, as a result of these 


decks i is proposed, which, it is believed, will be useful in designing structures 
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in the with values of the quantities — the 


elastic theory. There are a 


The elastic ¢ theory is when applica to a multiple-« -span 
_% series on high elastic piers, taking into account the deformation of the piers. 
Comparatively few engineers have acquired the le mastery of this analysis that 


justifies them in n using it with the complete confidence they ‘should have in 


“designing” large important structures. It is believed that 


- - verification ¢ of this theory will be weleomed by engineers who : are called u upon > 


i Tests of a multiple- -span arch series having a rib without deck are iin 

desirable to determine whether or not errors in the assumptions upon . which: the 

analysis is based, ¢ cause errors in the results. | E ngineers who have mastered — 


: es: the analysis have the same confidence in it that they have i in that of die 
a - Structures. In other words, they are confident that the results will be correct 
if the assumptions upon whi ch the analysis is based are correct; 

assumptions upon which the a inalysis of an are +h is based, are > known 


error. Tests. of single- ‘span are with fixed ends’ indicate that the errors 


in the assumptions “upon which the analysis” of single-s span arches is Freel 


tests, a similar statement ‘could be made relative to multiple-s -span structures. 


The structures consisting of rib, spandrel columns, and a deck are 


“readily susceptible of algebraic analysis. study i is 


desirable for these structures since ma 
“the investigation of these structures, the following ‘wan 
mined: (1) The elastic constants for a single sp: span; (2) the influence ordinates _ 
for fixed- -end reactions for a single span; (3) the influence ordinates for =| 


- tions at the springing of all spans of the three- span structures; (4) the magni- 
tude’ and position of the thrust due to the design load; (3) the effect of inter- 


mediate xpansion joints in the deck upon the load- carrying capacity of the 


_ three- -span structure; (6) ‘the maximum carrying ¢ apacity— of the three- 


Stresses were computed from influence ordinates, determined experiment- 
ally, and the maximum stress produced by a given live load was | compared for 


2 ian the different structures, all having identical ribs but varying in pier height 
and type of deck. As” a result of the investigation combined e 
“mental algebraic method of analyzing multiple- “span arch bridges ‘wit 


ofthistype. 


— 


oe ~The three- span n structure consisting of a a rib, spandrel columns, 
a a high deck, is shown in Fig. 1. _ The details of the ribs and piers (which : 


were alike for all specimens) and the spandrel columns, and deck, are shown 
2 to 5, _ inclusive. Fig. 2(a) shows the specimens having a high deck — 


2 “Co-Operative of Multiple-Span Reinforced Concrete Arch Bridges, 
Bulletins Nos. 202 and 226, Eng. Experiment Station, Univ. of Illinois, 
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Fig. 2(9) those having a low deck. The Ww 


a strength of 2200 Ib per sq in. at 28 days. Al: 1:3:3 mix a 12 water- 
cement ratio (by volume) was used, the quatiitien for a batch being deter-— 
a 
‘mined by w eight. The sand passed a j-in. sieve and the gravel a 1-in. sieve. ” 
‘The | proportions and the materials: were the same for the concrete for all 


structures, ¢ except for the piers of the low-deck bridge. The concrete in ‘these: 


piers contained more— wine was used in the other 

cylinders and arches were ‘stripped when 10 days old, and the cylinders were 

stored in the. laboratory near the arch so as to be subject to the same atmos-| 

pheric. conditions. The strength of the control eylinders at the time of the 

final test \ was 3 310 Ib per sq in., for the structure without deck, ‘and 3 412 Ib + 7 

per sq in., ., for the one Ww ith a high deck. . The moduli of elas sticity for the two 

structures * were 3 293 500 Ib per sq in. and 3 145 000 Ib per sq in., , respectivel Zo 

For the structure with a low saa the concrete in the arches hed) an ultimate — 

_ strength of 4281 Ib per sq in., and a modulus of elasticity « of 4 243 000 Ib per 


in. corresponding values for the concrete that went into the ; 


2 871 Ib per sq in. . and 3 501 000 per sq in. 


"go ‘The. specimen is not ¢ a model, 1 to a definite scale, of a larger structure; but 
‘the proportions » were based on the design of an arch with a span 135 ft long, 
five times the length of the spans tested. _ Likewise, the selection of the live 
load to be used in | testing - the arch + was based on n the live load that would be 
used in designing a 135-ft highway bridge | with two ribs and two lanes of 


traffic, The weight of the specimen was not great enough to — asa 


— 
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the dead- load stresses encountered in the 
of a “full- sized load, designated as the design deed. Toad, 
was selected, arbitrarily, therefore, distributed so as to have a thrust line” 
within the kern of the rib and of a magnitude such that the maximum dead- 
“Toad | stress would be of the order of. the dead-load stresses existing in actual 


bridges. The design live load consisted of a distributed load of 960 Ib per 


6600 


| WEST 
ABUTMENT 


‘Fig. 3.— Position or MEASURED REACTION 


panel, with a single concentration of 1800 tb supe r shies upon the dis- 

tributed load. i he live load, as usual, w wi as ‘distributed for maximum stress at bee 

the ie section by being s studied in each instance. The design dead load and live load — 


for maximum stress at t Section OC, for the rib without deck, are ‘shown i in Fig. | 


are groups: ‘of leeds. two three the group 


designated a as “one L. L.”, in Fig. 4 
ee Apparatus.— —The apparatus was built especially, for this investigation and 
it was designed to perform certain specific functions. For example, the 
"support. for each terminal, abutment, or pier base, had to be capable of holding 
- the terminal or of returning it to its normal position, and of giving the termi- 
nal eac ch of the three | component ; movements, x, y, and 8, in any predetermined 


amount. Instruments were provided for measuring each of these component 

' The supports 4 _ the petnents and pier b bases are shown i in Fig. 4 4 and Fig. 


“respectively. 
show wn. The was the to the scales by. 
- two for each scale—one on the north, and the other on the south, side of the 
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The contact. with the jacks is through knife-edges embedded in 


the abutment so that ws line of action of the vertical forces weighed by each 


Horizontal Scale 

Lever 


100 000-Pound 
Vertical Scale 


me 


‘Fie. 4.—WEIGHING AT THE Asurmanr. 


is s accurately known. An abutment en can be raised lowered without 


| 


were mounted on carefully machined steel rollers, 10 in. in diameter, that ran 


— 
— Yy t 
— | 
— 
rotated and-south axis by extending both the east 
— 
cy) 
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upon a carefully machined track so that the vertical scales offered re oe 


on ‘The horizontal reaction of each abutment was measured by means of a 
as shown in Fig. 4. This scale consists of two right-2 angle levers (bell 
_eranks), one on the ‘north, and the other on the south, side of the abutment, — 
that received the e horizontal thrust through links and ‘converted it into a 
vertical f force which was delivered to a platform scale. The link connecting 
an abutment and horizontal seale had knife- edge contacts at both ends, and 
was maintained in a horizontal - position, , and the line of action of the horizon- 
tal thrust was determined from the ‘position of the knife- edge embedded 


the abutment. An ‘abutment could be 2 moved | horizontally by turning the link, 4 


since the — had a right- hand thread at one end and a left-hand thread at 


4 The vertical reactions of the pier — were measured with apparatus 
4 imilar to used for the abutments. The reaction of each 


“the structure at the top of each pier and one attached to each abutment, con- 
“nected by a pipe line so that the water level was the same for all gauges at: any 
instant. The vertical "movement. of the load points | on the arch rib w Wi es ; 


measured relative to two J- and- L pony one on each of the ib, 


the |-beams was with an dial mounted on a steel 
ie from which the deflections v were ° measured, were also used i in measur- _ 
ing the horizontal movement of the west abutment. and of the tops of both q 

_ Piers, relative to the east abutment. _ These beams were attached to a 1-in. pin 
; that extended through 1 the rib at the east springing of the east span in such 
a way as to cause the beams to move horizontally with | the east abutment. A 
: The beams “were supported at the pier tops a and at the west abutment on rollers 


‘that enable ‘the » pier tops and west abutment to move horizontally ‘relative to 


.P the beams. Ames dials attached to the beams, with their plungers bearing on 
_ ‘ins through the ribs at the springings, indicated horizontal x movement of the — 
g m ™ abutment and of the tops of the piers, relative to the ‘east abutment. __ 


The horizontal movement of the pier bases relative to the east abutment, 
‘vas me measured | by means of the he frame shown in in Fig. 6. : _ The member, 4 ABCD, to 
consists of the beams from which vertical ‘deflections were measured. The 
frame, BCF E, was ‘suspended from these beams. The main members of 
the frame were 12-i -in. junior |- -beams. Ames dials attached to the lower 
‘corners of this frame had plungers bearing upon the | pins, EB and F, which pro- i. 
jected from the sides of the piers. The pins, E and F, pape 20 ft below the - 
‘springing of the arch es; Pins EF’ and and Pins J and were 15 ft. ‘and 


(10 ft, respectively, below the 5] springing. The horizontal 1 ‘movement: ‘was meae- 


ers 4 
ich 
| 

=~ 
_on the south, side of the structur w ig 5. 
— 
out 
east in the concrete and projecting below the rib on its center line, was provided a: 
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ured at Pins E and F, E’ an nd F’, rand from Pins E£” and F”, when testing. 
the : structure at pier heights of 2 20 ft, 15 ft, and 10 ft, respectively. In tests 
r equiring 0 one pier to be raised, shims. were inserted at that pier between the 
_ beam, A BC D, and its support. When the pier was raised, the shims were 


removed s 80 eat Points: B and CG on the beam remained at the same level; 


AST 
ABUTMENT 


Wid Bearing Rollers 


6. —_Frame FOR MPASURING HORIZONTAL NT OF PIER Bases RELATIVE TO 


; and the 

corners, 7 P, did not. move of the “movement 

angular ution of the abutments and pier bases was determined with 
level bubbles attached to the structure at the points where the rotation | was: 


to be measured. ‘The bubbles at abutments were carried steel 


prenear to ) the axis | of the e rib at the springing. The bubbles for the piers were 

“carried on horizontal bars embedded i in the concrete, one at the top and. one 

each at distances below the top of 20 ft, 15 ft, ‘and 10 ft. . The former was 

used to determine the rotation of the top of the pier and = the latter, to 


determine the rotation of: the: base. when testing the structure at various” 


ordi tests for which the abutments and the bases of the pons: were fixed, the 
and, after the load was changed, the dente and pier bases were phrconey 
until the bubbles returned ¢ to their central position. Th tests for which a 
determined ar angular’ movement was to be produced, the bubble was adjusted 
to its mid-position before the test began and then the piers and abutments” 
_ were rotated _ by manipulating the jacks supporting them until the bubble was” 
~ off center by a an amount which, as 3 shown by a previous calibra ation, me 


afl 


ab 


were for the design tests and for. the teste 
the load-c -carrying capacity of the structure. iy on ‘Say 


load on the structure was produced by suspending concrete blocks of 


mown weight at the load points. For each load point there was one large 


| 
Papers 
— 
1 
ABUTMENT 
| 
| 
| 
a A 
— 
§ 
- 
— 
ry 
in the concrete was measured with an 8-in. berry strain-gauge. 
Bi cee : - _ Readings were taken on two gauge lines on the intrados and two on the : 
— — 
Be 


block suspended by four steel rods, a as in Fig. which served 
as a loading platform on which to place smaller blocks which, i in combination 
with the loading platform, constitute the total load to be applied ata partic- 
. ular point. _ When the arch was unloaded, the loading platform rested on the 
concrete girders o of a trestle provided for the e purpose and the loading. beam, — 
which extended across the top of the arch above the loading shelf, was carried | 


on the steel suspension rods acting as struts. To apply the load, the turn- 


buckles in the suspension rods” were turned, “shortening the rods, until the 


STRUcTU CONSISTING or Ris WitTHour WITH APPARATUS 


loading beam | came into contact with | the loading The -turnbuckles 
were then turned, successively, by small amounts, in o order, back and forth 
from one end of the structure to the other, thereby transferring the weight 
of the loading platforms gr radually from the girders to the ar ch, Each loading 
E shelf on the arch was capped with a steel plate containing a 3 ‘ -in. steel ball 
located i in its top surface and at the point of application of ‘the load. The 
~ loading beam had a small steel block attached at the center of the > bottom 
Ss depression in the bottom | of this block fitted | over. the top : 


of the ball in the steel plate on the loading ‘shelf, thus woeeting g, sani 
‘the point of application the load. 
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Influence Ordinates by Unit Loads.— —The direct objective of many of the 
; - tests was to determine the influence ordinates for the reactions at the spring- — 
- ings of the various spans since, with h these influence ordinates | ities , each ; 
is. ‘statically determinate under ar any ‘system of loads. 
a _ The influence ordinates were determined experimentally by measuring the | 
changes’ that occurred when a unit load was applied and removed, successively, 
at the various load points. The unit load was 2 000 Ib and the tests were made — 
with the design de: Toad « on m the structure. The reactions at the springings 


=" 


nals, before ‘and after the satiation and removal of the unit load, and com- 


puting the moment ‘and the horizontal and vertical components of the reac- 


reactions corresponding to these movements. 2 his presupposes that the fixed- 

reactions due to a unit: and the constants for the arches are 


‘the moment the and components of ‘the 


the _and removal load. sets of observations were 


‘made for each load point: Before the load was applied, | after it was applied, 
| ‘and after it had been removed ; ; that is, the changes in reactions, due to add- 
ing and Temoving the load, were determined enn? ti he average of the two 


: The effective height of thie: pier is the vertical distance from the detinging 
of. ‘the arches to the point | on the pier that was returned to its original posi- 
. tion m before and after each load change. By attaching the instruments ‘indi- 
: cating the position | of the pier base at different distances below the ‘springings, 
the one structure could be tested at different pier heights. The influence 
ordinates for reactions at the s springings were determined for structures with 
; ‘pier heights of 20 ft, 15 ft, and 10 ft, except that the low-deck o_o was 
tested at a pier height of 20 ft only. bn 
; a _ The fixed- end reactions for each of the two end ‘spans were determined by 
"reading all scales at the abutments before and after applying (and removing) 
a unit load of 2000 Ib at each load point in the end spans. For | this test, 
the to be returned to their normal position are the abutments and pier 
structure carried the design: dead load throughout this series s of 


elastic constants for the end spans 1 were determined by noting the 

changes in the readings’ of all scales at the abutments: due to giving one end 


ofa of a ‘successively, each of of the ec component movements (x, y, and 9). The 


— 

— 

— 

— 

— 

— 

i 

— ‘terminals; and (2) by measuring the components of the movement (2, y, and 

— 

making these tests all terminals were returned to their normal 

— 

eas? 7 . _ over the entire length of the structure. Since the structure is symmetrical, | 

ia _ values determined for load points on the east half were checked against values — 
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Fig. 8.—INFLUENCE Lines By Unit Loa 
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only the one component of movement being studied. 


‘The elastic constants and the fixed- end reactions, de determined i in the ene 


just described, were used to compute > the reactions | at the springings from: 
4 


the movement of the pier tops i the application and removal of 


| 


The between. the influence lines for the span of a 
_ series and for a single span with fixed ends, is worthy of note. | The influence 
lines of Fig 8(b) are for the same functions for the same structure as 


the 108e in Fig 8(a) but the lines derived by experiment ‘ Ww ere determined from 
the measured reactions at the terminals instead of from the mov vement of the 


pier r tops. : he light full lines representing the computed values are the same 
~~ 


the sp span was ‘fixed other ‘end as. to have 


Diagrams s similar to those shown i in Fig. 8(a) and Fig. 8(b) were con- 


str tructed for the abutment, and f for the pier reactions of the end spans. __They 


= re constructed for the structure having a a rib without deck when tested, and 4 
- analyzed with pier heights | of 20 ft, 15 ft, and 10 ft. The same diagrams 8, 
except those based on the algebraic analysis, were constructed for the high- | 


deck bridges both with and without intermediate e expansion joints, , and they 
were also constructed for the low- deck the the dis 


Algebraic Analysis J Based on Elastic Constants 


 —The analysis a of the three-sp -span. arch series involves the use of elastic con- 
4 stants for the pier and arch span. These constants can be determined alge- 
ve braically | for structures consisting of a rib without deck; but the correspond- 
constants for the arch span cannot readily y be determined algebraically 
for a structure with spandrel columns at and a deck. Donald E. Lar-- 
gen, Jun. Am. Soe. ©. E., under the : supervision a the writer, has paso 
By a method for analyzing these structures by using experimentally « determined — 
elastic constants for the arch spans in the otherwise algebraic method. ay T he 
small circles | of Figs. 9 and 10, represent the influence ordinates. obtained by 
combination experimental and algebraic method. 
mi ‘It is believed that the algebraic analysis of a multiple-span structure ine 
experimentally determined elastic constants are used, gives accurate 


‘The fact ‘should be borne in. however, that the results obtained 


an error in these will introduce | an error in the of 
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att Capacity Tests.— 
"determine ‘the load- -earrying capacity of all structures. For ‘the structure 
ae of a rib: without deck , the capacity ‘test was begun with 1 no load on 
— the structure, except its own weight. — Readings were then taken from which 
the reactions at the terminals, the vertical movement of points 
< on the arch rib directly beneath the load points, and» the strain in the con- 


-erete of the at ‘sections midway between the load ‘points. ‘The first load 


increment was the design dead load. . This was followed by increments of 
live load until four liv live loads had been applied. Nigh dock, w 
The structure consisting of ribs, , spandrel columns, a high deck, was 

tating being similar to that used in the test of the havin a 

% without deck. | The structure was first loaded for maximum stress at Section 
of Span BC. ‘Five live loads" were applied, and ¢ then the test was discon- 


tinued. The same structure was then tested in a similar manner, but the 


mt - section n through the oad point, C.. This test was as also discontinued after five 

live loads” had been applied. Intermediate expansion joints were e then cut 

on through the deck at the sections indicated in Fig. 2(a), and the resulting — 
structure was s subjected to a capacity test, ‘the live load being distributed to 


- produce a ‘maximum stress in the rib at the section through the load point, : 


The structure with a low deck was tested in the same manner na the 
we x Movement at Expansion Jo Joints Due toa Change ir in Span —The need of 
———— joints in the deck of an arch bridge depends 1 upon the movement 
would take place if such joints were provided. Tests were on 


having a deck with intermediate expansion joints to determine 


e ~ the relation between a change i in sp span and the corresponding ope opening and « closing 


For this test the structure the design dead initial 
0 readings were taken after the east and west abutments had each | been ‘moved 
4 i, inward 0. 075 in. , thereby making the total length of the structure 0. 15 in. less 
normal. Ames dials attached t to o the deck indicated the change in width 


tops of the | piers ‘were eg the same vertical and 

as for the > initial readings ; and the Ames dials indicating the changes i in ‘span 
25 at the tops of the piers and the movement at the expansion joints, were re read, 

thereby giving the change in ‘span, ‘of each arch and the movement at 


"expansion joint due to the increase in span. The abutments then 
returned to their initial position, and the readings were again recorded oe. 


ical and angular position. ee: 
ratio: of th the movement at | an ntermediate expansion “joint to. 
change in span w was 0. 25 for ‘the structure with | a high deck and 0.11 for 


the structure with a low deck. *#F or both structures aad joint closed as " 
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Discussion or Resutrs 


- —T he experimentally determined 


reactions of. a a rib without deck and an march 


compared in Big. "A similar comparison for rib without deck 


an arch with a low deck is made in Fig. 11(b). ‘The eurves show that the 


Rib Deck 
= Deck without Inter- 
mediate Expansion Joints 
Deck with Inter- 
mediate Expansion Joints 
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2 

= 
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(a) HIGH DECK 


= 

' C2 C3 , Cs Ce C7 Ca 

Kia, VARIOUS TyrEs or 


i> Le core alike and that they are much less than the sali for the rib without a 
deck. the vertical reactions for the structures havive a with expansion 


from the reactions for a a deck; expansion | joints 
‘The e fixed-end moment is much less for the structure having a deck, without 

expansion. joints, than it is for a rib without deck; and the fixed-end moment 
“for the structure having | a deck with joints | lies between the values 
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is about the same for a structure having a high deck, w without expansion — 


joints, as it is for o1 one having a low deck, w vithout expansion joints. > 
The stress at the springing of a single span is governed almost entirely by 
the fixed-end moment. It is, therefore, much less for the structure havin 


o 
faving 


deck without expansion joints” thé an it is for the other two structures. Fo or 


the single span having expansion _ joints in the | deck, the weak section is. : at. 


Section ¢ Cs. | ‘The influence lines for stress at this | section for various is types « of 


single-sps -span structures, are given in Fig. 12. 


_ The fact that the deck reduces | the moment at the ends where its etna: 
ening of ‘the rib is the least, is of special interest in considering the load- ; 
carrying eapacity of a rib and deck « designed to function as a Vi ierendeel truss, 


Influence of Flexure of Piers on Stress in Arches.—Figs. 8 to 10, inclusive, 7 


ious the influence lines for the reactions of the piers on the center sp: an, 


_ that the flexure of the piers greatly modifies the shape of the influence 


lines for moment and horizontal thrust but not for vertical reactions. ‘T he 


stress at the | springing ; possibly the weak section of an arch having : a dec ko 
without intert 


mediate expansion joints, is, approximately , a dire et function of | 


the moment, , and the influence lines for the moment referred to, show that the — 
live load compression at the : springings will be greater at the intrados and less ~ 
| at the extrados for all five types of three-span structures on high piers ‘than 

‘similar single spans with fixed ends, Hower ever, r, the stress at this section 
is not critical for the ‘structure tested. 


— Rib without Deck 


7 


_—=—— High Deck with Intermediate 


Stress in Pounds per aang Inch 


| 


020 


Fig, 12.—rr4) ENCE LINES FOR STRESS at Cs, For VARIOUS TYPES oF SINGLE SPANS WITH 


_ The moment at Section C, (the weak section of a three- span structure con-— 
sisting of a rib” without deck) is a function of a all three components of the 

reactions at the : springing and the effect of the change — is offset 

by the in the horizontal reactions. 


and pier halite: ‘of 20 tt, 


fixed ends) are given in ‘Fig. 13 


flexure of the pier greatly. 3 at springing, the effect 


ft, 10 “Ging even with 
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7 


of the ] pier height on the stress at ‘Section 1 C4 is much lees, The stress at 


Point C, due to the design live load is (386% greater for a three-sp -span structure 
having 20-ft piers" than it is at Section C; for a single span with fixed ends. 
The stress a at the same point it due to the total design load, dead load plus live 
Toad, | is 18% greater for a three- span structure having 20-ft piers than the 


/ maximum stress in a single span with fixed ends. _ All the values used in this 
comparison were determined by the elastic theory ‘and are based on a value 


ENT 


0.08 —Tension 


25 


1G. 13.- —INFLUENCE DIAGRAM FOR STRESS at LOAD POINT 
E the concrete of 3 333 000 Ib per ins, it was assumed, 


ues concrete takes tension and that the abutments and the bases of piers ¢ are 


ion C;, the 400 section of having a deck 

“with intermediate expansion joints, is a function of all three components of 
7 _ the reaction at the springing. The influence lines for stress at Section ¢: 
goa for a three-span structure having a high deck with intermediate expansion 
joints and pier heights of 20 ft, 15 ‘ft, 10 ft, and 0 ft (single span with 


; fixed ends), are given in Fig. 14(a). _ These influence lines were determined 


from an algebraic analysis based on experimentally determined elastic con- 
Raeseill The stress due to the design live load is somewhat greater (145 Ib per 
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i‘ in.) for the structure with a high deck having 20- ft. piers than for a \sbmilar 
‘single- -span structure with fixed ends. This increase is 28% of the stress ‘due 


to live load and 14% of the stress due t to dead load plus live load in a single 


span with fixed ends 
The influence lines for stress at Section C, a _three- “span structure hav- 


ing a low deck with intermediate > expansion joints and pier heights of 20 ft 

and 0 ft (single span with fixed ends), are given in Fig. ‘The stress” 

. due to the design live load i is. 173 lb per sq in. ‘greater for the three-s “span struc 


-: ture having 20-ft piers than for a similar. single span with fixed ends, This 


= is 31% of the stress” “due” to the live load and nd 16% of the stress due to the 


< 

a composite structure consisting of a rib and deck inter- 
i mediate expansion joints, the moment over the central portion of the span is 


—_ =p greater than for a a single span with fixed ends; but the composite ‘structure. 
i 7 consisting x of the rib and deck has a much greater moment-resisting capacity | 
than a rib without deck and the ‘Presence of a large m¢ moment over the central. 


_ portion of the span is more than offset by the strengthening effect i 


Effect of Variations in the Modulus of Elasticity of the on 
7 in the Rib. —In the study y made to determin e the | effect of a variation in the 


modulus: of elasticity of ‘the concrete on the stress in a_three- -span arch 


series s having decks, the influence lines for stress were determined for two 
structures had the same dimensions, but _were assumed to have 


the first 


first structure, for the end s spans only two-thirds as This 


comparison was made for structures having a high deck with and without 


‘intermediate expansion Joints, the pier height being 20 ft in both instances. 
The assumed variations | in the physical properties did 1 not greatly change the 
‘influence ordinates and it is believed that any probable variation in the modulus | 
of elasticity of the concrete will ‘not. seriously affect. the live load stresses. 
However, of the peculiar action a maltiple-span_ arch on 
high | piers, the effect of variations in the properties of the material on the 
dead load stresses is not easily determined. re 


ey For the three-span structure consisting of a rib without deck, the 7 


section is at Section For. a homogeneous symmetrical s the dead- 


load stress should have the same value at Sections F,, Cs, Cs, Wa and Ws 


Ro The 1 most dependable experimental method of obtaining the dead load stress 


is to determine the magnitude of the thrust from the ‘measured reactions 
and - the position of the thrust from th e measured strain at the intrados and 


extrados. _ The consistent relation between the pressure centers located from 


the measured strain and the thrust line located by the « elastic ¢ theory, shown in ' 


Fig. 15, appears to justify the conclusion that the dead load stresses in this 
structure did not differ greatly from those in a similar single- span arch sub- 
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ithout intermediate — 


stress same at springings of alls spans. The stresses at 

A ‘sections, determined from the measured thrust the line of action of which was 
‘Jonata from the measured strain, are give en in Table 1 1. The maximum and 


‘average values" for the structure having high deck : are — 338 Tb per sq in. 
and — 232 lb per sq in., respectively, and the m: 1ximum and | average values for 

the structure having a low deck 7s ~ Ib per sq in. and — 155 Ib pe 


TABL E 1. AD- -Loap AD Sruesses DererMinep FROM THE Ture E-Sp AN 


|) 


‘Srructure Havine a Deck Wirnour Expansion 


re: | A of Span | B of Span B of Span | C of Span | C df Span | D of Span = ie | 


High deck.....|  —287 | | —17%6 | | | —sas | 


For the ' structures having a deck with intermediate expansion joints the 

“critical stress is at the extrados of Section C3. T he thrust line and _ centers 
of} pressure for these s structures are shown in Fig. 16. ‘The dead load stresses 


the sections to ‘Section determined from the mea 


given in Table 2 2. maximum and average values for the structure havik g 


a high deck are — wb. 782 Ib per sq in. and — 647 Ib per sq in., respectively, and 
ta 

the corresponding values for a struct ure having a low deck are —7 55 Ib per 


desi AD- DETERMINE FROM THE Ture: 


ECK WITH vt TERMEDLI: ATE Ex XPA 


Average 


—56 


The data given in the preceding paragraphs have value only as interesting 


e information pertaining to a limited number of individual structures and can- 
not be made the basis of any general conclusions 1 relative to the effect of 


ariations in the material on the dead load stresses in a multiple-span | arch 
+ They do. indicate, however, the “possibility of the random occurrence 


of a dead load stress at some section 100 to 150 lb per sq in. greater than the 


ff dead load stress at the corresponding section | in a similar ‘single-span arch sub- 
jected to the same load; but it is not clear that this « excess in the dead load 
stress is due to variations in the properties of the concrete. An extended 


this | subject is structures used in this: study, 
consist 


For the structures having a deck va 
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and the modulus of elasticity” y of the concrete e should be assigned different 
wanes in various parts of the structure. Algebraic analyses of these struc 


tures should the probable effect of the variations i in of 


One Live Load ant ; 
| 
7, 
© 
0.80 
a 4 
i@ mi 
A ive Loa a 
Jol 
Maximum Stress the 
at Point B of Span B-C 
J ly | No Intermediate aR Live Loads Th 
Expansion Joints 
ra 
Tro 
Fig, 17.—VerticaL DEFLECTION oF Axis; CAPACITY TEST 
elasticity of the concrete on stresses in a multiple- span arch ‘ta 
mediate expansion joints in the of an arch depends o on whether move- 


a ee on the strength of the structure. a The t tests indicate seed the ratio of ‘move- 
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‘ment at an expansion joint to the change in span is 0.25 and 0. 11 for the hi gh 
deck and the low-deck structures, respectively. expansion joints are not 


provided the e restraint of the deck will produce a deflection of eel 
columns commensurate with the movement that would take if the 
were provided. — The deflection diagrams of Fig. 17 show that the structure 
| without intermediate e expansion joints is stiffer than the one with joints. me + 
capacity tests of the structure without intermediate expansion 
were not carried to failure: and the relative strength of struc tures with and 
without expansion joints is not known definitely. Certain facts, however, that 
ea upon this question are quite clearly established : (1) For the structure 
without expansion 1 joints, “ in addition to to the | produced noth- 
more than hair-cracks in the and there were no cracks in the 
columns or deck large enough to indicate that failure was impending ; (2) the 
section where the deflection of the p pier “causes” the greatest increase in. 


the stress is: near the center of the span where the strengthening effect of the 7 
is the greatest; although the thrust line for the structure asa a whole 


> 


is most likely to « occur, that the thrust taken by the 
oes not go much, ‘if any, outside the kern. All these facts are indicative of 
a considerable strengthening effect of a deide without ‘expansion | joints at the 

we eak se sections of a three-span series of arches on high piers, and yee 


en ing effect i ‘is largely eliminated by the intermediate ‘expansion joints. 


ef - For the : structure with a high deck, , the temperature moment at the spring- 


ing is 28% % greater without intermediate expansion joints than \ with them. 


For the structure with a low deck the difference i is nearly zero. For the struc- 


ure "moment on the 


ture without intermediate e expansion joints the temperatu 


“the e structure with intermediate beerset joints: the line of ete the 


joint ‘that the temperature moment ‘is very small. 
Unit Stresses Due to Design Load. nit in a of 


structures due to design load are compared in Table 3. The stresses in 


the structure having a rib without deck were determined by the elastic theory. 


The dead load stresses in the: three-s -span structures having deck were 


determined from the measured thrust the line of action of which was obtained . 


the measured strain. The live Toad ‘stress for these structures was 
determined by the algebraic method based ‘on experimental constants. 1 The 
“the clastic theory, on the basis that ¢ the rib « carries s the dead load unrestrained 
ly the deck. _ ‘The dead load is shown in Fig. 3 and is the same for all struc- 
tures, The live load consists of a uniform moving load equivalent to a panel 
of 960 lb, with single concentration of 1 800 to be 2 superimposed [on 
the distributed load. — _ For each structure the live load is distributed so as to 
produce the maximum compression at the critical section of that structure. 


2 critical sections are listed in ‘Column (3), Table 3, ‘and the live load for 


— 

— 

{ — 
— 

7 
g 

— 

ima 

F 

= 

f — 

i 
“ar 

4 — 

ge — 

7 

| 

rch 

ter- 

ove- 

ove- — 

a 


TESTS OF MULTIPLE-SPAN ARCE 


aM 


ot 
/ 
= 


\ 


1g) 
v 


- 


096 
i / 


10 


Scale of Strain in Ten Thousandths © 


chperinch 


D 


of an In 


Thrust Line from Measured Reaction: 
> MAXIMUM STRESS 


, © Center of Pressure from Measured Strains 


Si 
hi 


CAPACIYVY 


bev 


ak add ws 


ig 


Papers 

— NN 

— 

m 


INTERMEDIATE 


XIMUM STRESS 


Toap; Ma 


CAPACITY 


LINES FOR 


4 


A pril, 


Pier 

height, 

in feet 


ure 


20 


ESTS OF MUL TIPL 


STRESSES 


For Various StrRucTURES Dur TO Desian Loap 


Critical 


ont ft) 


(3) 


cot) in Pounps PER SQUARE Ince 
Live* 


| ‘a Dead Lood 


3 


Live Load 
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 {B of Span BC 
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‘joints 


¥ 


Without ex-| 20 of Span BC rg 
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os sion joints Fixed end hee 3 


| *8eeT able for of these loads, 


maximum stress at that section is referred to by the number in Colum 


tend 


ry +15 52 


+177 


92 


—137 
—128 
140 
‘ gg) 


14 
| — 92 


Grave 


mn (4). 


The live load corresponding to this number is given in. Table Hen. nie 


Puy 


For structure | w 


Ne. 
Load No. 


1 


ais yaks 


960 


960 | 


960° 
960 | 


vith a aihigh' deck a 


“ye 960 


2760 | 


nd with intermediate expansion 


NS 


0 
960 
| 0 
0 
384 


2 760 

‘ee Bi: itty 


ocooo 


fe ct, of 20, 10, and 0. yt stress. of 1 447 Ib per sq in. for the three-span series 
compared with 1 066 Ib per sq 


er sq in. 


.for a single span with fixed ends is of inter- 


est; but it should be noted that a considerable part of this difference occurs 


in the dead load stress. 


“the di 


These values’ are comparable with 1 236, 1 155, and 


1089 for similar structures a = deck.» 


In this case, 
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TABLE 3.—\N — 
“a 
| @ — 
—500 | ...... | —70l | ...... | —1 201 
2 
—310 | .......]| —S561 ........ 
4 | | | | 

‘gt 610 | ...... | —732 | ...... | — 

iim 
| 
square inch, is 1447, 1393, and 1066 for structures having pier heights, in | 
ABLE. 4.—Distrinution or Live Loap ror Maxtmum Svrress 
= 
| 

868 953 | «960 | 2760 | 938 | | | 
939 | 960 2760 | 99 | 20/° | | 
2760 | 960 960 | 956 | 401 abel = 
5s 2 760 960 960 | 880 | 169 ial & 
| 960 960 | 960 | 474 — 
. 2760 | 917 | 236 | | 
960 | 2 76 — = 
. 
“| 
F | 
— 
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With a low deck the 
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dead Jo load stresses are smaller and the live = stresses are greater than for 


PS age - the structure with a high deck, but the differences do not exceed possible 
“experimental e errors, and the two structures appear to have about the same 


‘The stresses for the structure having a deck expan-— 
sion joints are for the section at the east springing and are very low. . Whether 
danger of failure for these e structures is is greater over the c central part than at a 
7 the east ‘springing was not - definitely determined, but there was nothing to 


- indicate that it is. However, failure i in the ‘superstructure followed by failure : 


re - the rib is possible and the stress at the springing is not a reliable indica- 
tion the likelihood of failure i in the deck. Each of the ‘structures having 


deck without intermediate e expansion joints the design dead load 
five times the design live load, the live load being distributed for maximum — 


; "moment about the axis of ‘the rib on a section ‘through Cy and there was ~ 
indication that failure was ‘impending i in either ‘the deck or the rib. 


Load- oad-Carr, ying Co Capacity of Various Structures. —The ‘he results of the 


tests are re- assuring. All st structures were > tested ata a pier | height of 20 ft. 


&% L. L.” addition to the “D. without indication of ‘impending failure, 
> he when loaded for failure at the sp springing and also for failure at Section : 
The structure | having a without deck carried “ “4. 5 and both 


more than “6 L. L.”, in addition to the design “D. ‘This was. even 
. when the computed stress due to the design load, » given in Table 3, was s higher — 


of a rib without deck was 33 800 Ib per sq in., comparable with the of | 
the concrete ‘in the control specimens of 3310 lb per sq. in. ‘The compressive 


stress at failure for the structure having a high deck with ‘intermediate ex- a 
joints, based on ‘measured reactions, was 3200 Ib per in., compar- 


able with a strength of the concrete, as , determined by control _eylinders of = 


3. 421 |b per sq in. - The compressive stress at failure for the structure having © | 


a . low deck was 4 400 Ib p per sq 1 in., comparable with a a strength of the e concrete . 


as determined by control cylinders: ‘a 4 281 per in. 


ease with which structure is its. load, flexure in in the 
— very destructive. ‘Pig. 15 shows the ‘thrust line a at the various load incre- 


‘ments of the capacity test of the structure consisting of a ‘rib without deck. a 
es The full line represents the position of the thrust line from the elastic theory % = 
and the the broken line from the measured reactions. The | agreement between the In 
two positions is remarkably close, especially at the heavy loads. The ‘rib « st 
tained many cracks at three live loads and | some of them had attained 


‘of the clastic based 0 on the assumption that conerete takes: tension, does 
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span does not greatly alter the stress distribution. The e centers of pressure 
ee centers of gravity of the trapezoid of strain corrected for the ‘Feinforee- 


steel), fall on n the thrust lines with remarkable The char- 


"mediate expansion joints, is shown in ‘Fig. ns 
Relative Merits of High and Low Decks —The stresses in the rib of 


various" structures due to the design: load, given in Table 3, indicate that there © 


1G. 
Fig. if "RE OF Rip AT Cs. DECK 


is not much difference between the load- -carrying capacities of ribs of 


- structures having high and low decks. “< he temperature moment at the spring- 


for structures having intermediate expansion joints, is about 64% 


for the high deck ‘than it is for the low deck. ‘For structures without inter- 
"mediate expansion joints the difference is about 31. per cent. 


The low deck is integral with the rib at the crown, and 1 the probability — 
# a ‘shear failure in the spandrel columns due to. gravity loads is less than ‘a 


for a structure with the deck a considerable distance above the rib at Lo 
“crown. The Cuan at the intermediate expansion joints due to a change 


‘in span is very much less for the low deck than it is for the high deck, m ak- 


g the need for expansion joints less for the former than for the an 


ans part of the done data have been presented i in n this ps paper. All 
the data have been however, and this appears, to justify the 
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TESTS OF MUL 


on -span arch on 


4 


‘The elastic theory based on assumptions gives values for the 
a - moment, thrust, and sh 1ear at various sections, that agree with the measured — 
values within the tolerance of the tests. aA Yo 
om (2) In analyzing a multiple-span arch ser series, the moment of inertia of a 
section may be computed on the basis that the concrete takes tension. | evan s 
Considerable eracking of the arch rib does not alter the pc posi- 

tio ion or magnitude of the thrust. 
(4) The maximum ‘unit « compression due to design load was 13% grea 


” or a three-: -span | ‘series on 20-ft piers” than for a similar single span with fixed 


or a Structure Having a D a Deck— : 
7 —O) The influence ordinates for fixed- end reactions is quite. different for a 
structure having a deck than for one consisting of a rib without a deck. ie The 


effect. of the deck is to reduce the n moment at the springing, where it is all, 7 


esisted by the rib, ‘and to increase the moment over ‘the middle of the span 


where the deck acts with the rib. d 


The reactions at the springing > determined by an 
a method, ‘using experimentally, determined fixed-end reactions and elastic con- 


stants for the arch spans. The constants may be obtained from tests of single- 


span concrete ‘structures or of celluloid models. A considerable variation in 
elastic constants. will not seriously affect the resulting stresses if the 
constants are statically. consistent, but the fixed- end reactions must be deter- 


mined accurately if the analys sis is used to determine the dead load stresses. PP 
(7). deck without intermediate expansion joints increases the stiffness 

~ and the moment- -resisting capacity of the central part of the structure. | Inter- 


ra he (8) The ratio of the movement at each expansion toa change i in, span is 
about ( 0. 25 for the structure having : a high deck and 0.11 for that having a low 


eC. 


(9) For the a high deck with expansion 
joints, the unit compression ¢ due to design load was 36% greater for the three- 


span structure on 20-ft piers than for a single s span with fixed ends. For the 


structure having a low deck with intermediate | expansion joints, the difference ‘ 


was 21 cent. A considerable part of this difference was due to the dif- 
ference in the dead load stress, a function. which would not have been influ- 


by the flexure the piers if the ‘specimen had been a symmetrical 
structure of homogeneous material, ‘symmetrically loaded. 


(10) There is consi iderable evidence indicating that the. de: ad load stress 
in a multiple-span structure may exceed the corresponding stress in a similar 2 


single span having fixed ends. 


Il Structures Tested.— mbites a 


(11) The concrete in the ‘arch developed approximately th 


as ‘the same concrete in 6 by control cylinders. © 
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The tests described in in this paper are a part: of the investigation re resulting , 
ie the e co-operative : e agreement entered into by the Engineering E xperiment 
Station of the University of Illinois, of which ‘Milo S. Ketchum, M. Am. Soc. 
was Director, and the United States Bureau of Public Roads, 
‘Thomas H. “MacDénald, Chief of Bureau. The tests were planned by the 
writer in consultation with EF. Kelley, M. Am. Soe. C. _E., Chief of Division 


Tests, and A. Gemeny, Senior Structural Engineer, marge! of the U 


the was done Ralph W. Kluge, Jun. 
Am. Soc. C. al Research | Assistant in Civil E ngineering, assisted 
8. R. W. M. W yer, “working the 
ision of the writer. The c computations | involvi ing the experimental data were 
ade by Professor C. Grafton of the Armour Institute of Technology, 
John N. Pirok, Jun. Am. Soc. C. E. . Research Graduate Assistant in Civil 
ingineering, Nathan raduate Student in Civil E _Engineer- 


3. 


The te tests were made in the Materials Testing of the 
of Illinois. a: 3 he direct expenses of the tests were paid from funds provided — 
by: -U. S. Bureau of Public Roads, Engineering Foundation, Universal Atlas " 
Cement Company, Tilinois Steel Company, American Bridge Company, Jones 
and ee Steel Company, Interstate Sand and Gravel Company, Lincoln 
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DISCUSSIONS 


IMPROVED TYPE OF FLOW METER 


By IREAL A. ‘WINTER, Assoc. M. Am. Soc. C. E. wit 


[REAL A. WINTER, Assoc. Am. Soc. E. (by Lotter)" impor- 
tance sof using pressure differences as a means of determining the flow of water 


in hydraulic. channels has been pointed out by Mr. ‘Stanley. He thus states 
a ‘fundamental rule that makes possible the correct mereeah to ‘the ‘problem . 


4 
of measuring, continuously, water in motion. wal 
The structural ‘significance of varying pressures across the scroll-case, 


4 


noted by Professor J ohnson, are , not important in connection with rectangular — 
concrete sections, where the structure is usually designed as a cantilever with 


no no external loads carried by the turbine speed- -ring. 7 The water pressure inside 


the scroll tends to. relieve the stress and increase the equilibrium of the struc- 


ture. With plate- steel 

do introduce secondary stresses. ‘of appreciable magnitude.” 
Th This loading may best be illustrated by considering the scroll- -case empty 7 
and superimposing the unbalanced water pressure, due to the difference in 


The 
_Nosities | across the ser ‘oll, external to the c easing. ‘Under this loading the cas- 
Ing will assume & shape that will introduce consider able reins in the extreme 


fiber of the plate at the junction of the plate and speed- ring. _ The secondary 


‘stress, added. to the ring: stress due to internal loading, is likely to reach a 


value several times that ‘used ‘in the assumptions for design purposes. As. 
pointed out by Professor Johnson, an understanding of these loadings will 


result in a better design of structure with perhaps an actual, instead of an 


OT 
imaginary, factor of safety. 


ere The exponent, n, in Equation (10) is of f interest in connection with all 


prime movers that operate registers. As. a matter of practical application, the ) 
indication. of a register must follow within certain limits of deflection. '~*Fig. | 


ai 
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At 


paper by Ireal A. Winter, ‘Awsoc. M. Am. Cc. E., was 
April, 1933, Proceedings. Discussion on this paper has appeared in Proceedings, as fol- — 
lows : August, 1933, by Messrs. C, Maxwell ‘Stanley, R. C. Johnson, and E, A. aie and 
November, 1938, by BE. B. Strowger, Esq. 
Engr., U. 8S. Bureau of Reclamation, Colo. Shenley Bib v ‘Fe 
Received by the ing 26, 1934. ini i sith 


‘scroll-cases, , under relatively high heads, the eccentric 
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the agreement of a Venter tube the 
characteristic of the scroll-case meter. | Figs. 8 and 11 differ in curve slope 
i each other and from the Venturi tube. Iti is always important that 4 


- vegister be read at the time of calibration as the lower values of differential 


_ pressure are more easily read on 1 the register dial than can be determined by 
manometer. With manometer ‘readings being ‘converted. into flow from 


calibration equations: or “curves, the slope of the -quantity- ‘deflection ¢ curve” is 


the test or - the | differential p pressure is in error oe. Bei is. more fe likely that both 
re correct. As a matter of further interest regarding the exponent, n, , of the 

uan ntity- -deflection curve, Mr. Strowger reports values determined by tests . 7 
ranging from 0.484, to 0.544. These values are significant. when considered 
w vith an understanding of the relation of the low- -pressure high- 1-pressure 
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taps to the mean n velocity at t the : measuring section. 

—_ Investigation as as to the slopes of the quantity- -deflection curves for various 
prime movers where the velocities of the threads of flow vary considerably, r 
shows the trend of exponential variation. Pitot tube, w when placed 

in one thread | of flow, and calibrated to indicate the quantity flowing in a 
relatively larger body of water, , may have a slope character of wide variance 
- from the s square law. ‘In the case of large Venturi tubes | or ‘converging ‘sec-— 
tions in penstocks, as referred to in the paper, ‘the slope exponent is not at 
all consistent with the square law ratio. This apparent 


iis It: may be stated that any pressure or impact orifice, ‘subject to the action. 


6 of a ‘single thread of a relatively large stream of flow ing 1 water will tend to 


— function according to Bernoulli’s theorem of the relation of velocity and pres-_ 


* gure heads for that particular thread of. flow. This statement is at odds with 4 
experience in connection with small conduits. in ‘which. a ‘piezometer ring is 
’ a said to give the net mean pressure head for the piezometer section. A veloc ‘ity 7 
traverse of the section will show a wide range in velocities without a ‘corre: 


TUTE bes, tay. gtr} sult je 


This apparent phenomenon has been the source of amazement to hydraulic 
engineers since the relation was determined. is not inconceiv vable that Mr. 


Dow and Mr. Strowger should consider inviolate the theory that a single pres- 
‘sure tap should integrate the entire ‘stream of flow. 


As a matter of exact science, according: to the fundamental laws of flow, 
“the pressures and velocities should be integrated for. the entire flow ‘stream. 


_ This process is approached by traversing a measuring section with a Pitot 
~ tube of both impact and pressure orifices, The exponential function of the | 


Pitot tube will be found to a approximate ‘the square | law without measurable _ 


‘The pressure taps in’ a scroll- -case flow’ “meter: intersects threads of flow 

of widely different velocities in the same plone of pressure. thread ‘may 


be leading or lagging - in in relation t to the other, and hence the exponent, n, ine 
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WINTER ON IMPROVED TYPE OF FLOW METER 


‘Equation (10) may vary between the limits found 


true relation of velocity to pressure heads. 
In presenting the fundamentals of the flow- meter design, the complexity 

e the relation of flow to vortex pressures has been purposely omitted. When 


_ the inherent limitations are considered, of a turbine installation for determin- - 


ing (independently of other means) absolute discharge, it is obvious that a 
direct. approach with « easily determined should be used as a ‘matter 


interest and utility; WA 
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AND ‘CAPACITY OF CITY STREETS | d 

HAWLEY S. ‘SIMPSON, Assoc. M. Soc. C. E. 


Sutrson,” Assoc. M. Am. Soc. C. E. (by letter)™—The writer 
has been especially in interested in the discussion of this paper for the reason ipod 
the ‘comments have concerned the social and economic phases of street use 


‘more than the purely technical problems involved. A clearer understanding, 


of vehicles, on a economic basis, should” do much 
measures for improving street efficiency. Such an allocation pre- 
‘supposes an evaluation of the worth, to the public generally, | of the service 
"rendered by each transportation medium. — Too often, the streets of the city 
are looked upon merely as” common "property to be used in whatever way 


Se sw 


oe by the individual al who arrives first on the scene. = Too little considera-_ 4 

is given to the important public “service 1 which the | street performs and | 

_ the detrimental effect of permitting the streets to be used too freely for sil : " 
‘poses only incidental to the act of transportation, 

‘Thomas emphasizes | his point clearly commenting upon the gross 
*: nequity of permitting | an almost st negligible proportion of street users to pre- o 
4 empt so great a proportion of curb space for long- time pa parking. The long 5 


y a clearly indicate a lack ‘ of understanding of the primary use to which a 
street system should be put. - Gradually this condition is being ‘remedied an 
it is not too far- fetched to anticipate that the time will soon come when all | 
parking will be eliminated on important thoroughfares, and i in central business _ 
It may be that the privilege of stopping even ‘momentarily for 


‘receiving and discharging passengers will be prohibited during periods of con- 


lines of parked and stored automobiles seen on every important business street 4 7 
d 


gestion and this function of ‘the a act of transportation relegated to near-by 
side streets. Economics demand the adoption of such regulations in | many 


on —The paper by Hawley S. Simpson, Assoc. M. Am. ion C. E., was published in 

iad a August, 1933, Proceedings. Discussion on this paper has appeared in ee as i. 
follows : November, 1933, by Messrs. R. O. sags Sigvald Johannesson, W. . Crosby, 


Engr., Am. Transit Assoc. Sen | 
the Secretary March 10, 1934. 
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places already, and. eventually the public will insist upon the use of the full 

suggests that ‘the money empended in 


Wik this the writer agrees, “except for one the 
ds of a city should take precedence over social and rectetionsy 
s Mr. Crosby states, cities are made up of more than people whe 


only to and from their places of business. Nevertheless, cities are. 


primarily commercial ‘and industrial machines and if those thordighfatés’ 
which provide the arteries of communication for purposes | of commerce im 


industry. are "“qubordinated, the city becomes” an inefficient economic entity 
No sum of money ‘spent. on measures for social and recreational | transporta- 


tion, regardless of how desirable | they may be, will compensate for be 


economic losses occasioned by an imprope ly organized network of utilitarian 


ne It is probably quite true, as Mr. Crosby goes on to say, that. the writer 


_under- estimated the reduction i in street capacity because of the presence of 


street cars: “under ordinary conditions. The writer “was concerned mainly, 
however, | with the most efficient performance of a street under the kind of 5 
> regulations t that should be in effect if a street were to be used to its greatest 


potential: capacity. One of the most important reasons why street, cars un- 


necessarily congest traffic is that traffic regulations, particularly | parking rules” 


and signal shave often: been designed without full consideration 
if, 


“movement of both ‘street ears automobiles at r different normal rates 


speed, together with safety ‘zones at t heavy loading points, will do much 


to to street: -car “operation. Without question, however, t the conventional street 
_ falls far short. of doing what it could to minimize the delays inherently : 
caused by a public service vehicle making frequent stops. This condition may - 


soon be remedied, because the transit industry, , through the Electric Railway 
ee ‘Conference Committee, has been engaged since 1930 in ‘the design he 
of a new street car involving an 1 expenditure « of more than $500 0 000. The new 
“car w r will have ve higher rates of acceleration « and deceleration than the best pas- 5 
-tenger automobile, an improved free-running speed, will be practically noise- 
™~e and will: be designed so as to speed up passenger loading and unloading 
ole The wi writer finds himself unable to > agree. with Mr. Johannesson’s statement _ 
that the important: question is, not whether street cars, buses, or automobiles’ 


_tfford the greatest passenger capacity, but whether the general public peeiers, 
a large ‘passenger capacity” rather than "speed of travel, Admittedly, 
‘ the individual (which, undoubtedly, Mr. J ohannesson means when he uses the 
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> for a comple e study of the economics involved i in street, transportation, it is 


necessary to the time element which was, for the most ‘part, ignored 
in the paper. it Speed and capacity do bear a close relation to each other, but 


Mr. Johannesson pen the e question more from | a pois of view of the State 


the m main concern of the State engineer is or ‘more exactly, 


the movement of ‘comparatively small x numbers | of people over long distances 
at high rates of speed. _ The city traffic ‘official’s problem is to move great 

"masses of people over comparatively short distances at reasonable speeds— 

: ~~ ‘speeds which, however, when. measured i in terms of those achieved on the open 


eis aki) 


highway, seem snail- like. essential difference between the rural and 


3 urban traffic problem i is too often ignored i in discussions of highway. economics, 


_Johannesson’s unqualified statement, that speed can best. be 


“by the use of automobiles unimpeded by the presence of street cars,” is most 


incorrect under the conditions considered in the paper. To the contrary, it is ; 
—* because of the existence of the street car that automobile ‘speeds i in cities : 


are as as they are. This. is clearly evident if one were, to select, 


4 


the hour. that 4 passenger demand is. evenly ‘distributed 


= throughout this hour and that the average passenger trip is 5 miles, one finds 

\ ‘that the ‘average time required for each passenger to ‘reach his destination is 
“approximately 29 min. a & were hot for the street car, and if all passengers — 
had to be carried in “passenger automobiles, despite the inherent ‘speed 


_ of the automobile, the average travel time per passenger \ would increase to 


Ss min, and it would take e exactly 8 hr, rather than 1 hr, to clear the district. P 
Thus, the» argument returns to the original thesis of the. paper’ ‘that, on 
streets, the of to handle traffic in is 


passenger ‘may be 
tained by ary while nét exactly correct, is a fact of which city traffic 
"ofa are well aware. It has been found that, when exceptional concentra- 
of persons must dealt with, complete prohibition of all 
cliniade and mass” transportation vehicles in the area concerned i is the 
r pose method by which the masses of the people m may be handled. Traffic con-— 
trol within the World’s Fair Grounds, at at “Chicago, Il, during 
‘Lewis introduces some very useful data and calls ‘particular attention 
to the need for designing streets on the basis of short- t-period, maximum traffic i 
flows at special locations where congestion is likely to develop. use of 4 
general hourly capacities at such places is quite improper, of course, and the a 
greatest ‘caution should be exercised in using general information of the kind — 
- developed i in this paper at such critical locations. The expenditure of a few — 
dollars in engineering studies at th places mentioned ‘by Mr. Lewis will 


-aften p prevent wasteful. extravagance in design, . on the one hand, or the con- 
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struction. of inadequate facilities on the other, ‘either of which results in 


All those who discussed this paper call attention . to certain 1 points wherein 
they believe the writer’s assumptions | or conclusions are subject to modifica- 
tio on. This fact : suggests s clearly the importance of further, and more , detailed, 


| stu dies along these lines, in order that both engineers and public ‘officials may 


3 

_know more accurately the ability of a street system to perform its functions 

efficiently under vary ing conditions of use. Such information will make pos- 

sible much more planning of ‘Programs: than 
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STABILITY OF STRAIGHT CONCRETE 


By MEss RS. A. AND JO JOSEPH JACOBS 

AF Loris,’ " Es SQ. (by letter)". — —In this valuable paper the author proposes 

the abandonment of certain antiquated rules and conceptions used in the 

design of dams, which are contrary to present knowledge on the subject. 


Similar suggestions were made le by the writer in 1929. 


a - ‘The subject of the ultimate st strength of gravity dams leads, obviously, to the , 
problem of rupture in brittle materials subjected to external forces. It appears 


that Mohr’s theory of failure is in better agreement with facts than Coulomb’s 


theory,” which i is preferred by the author. gst 


re Engineers use working stresses, and not sntitioni of stress near the break- 
: ing point. It is true that allowable stresses are determined in relation to the 

ultimate > strength of the m material ; but in dams other factors must be considered 
By the validity of the rule of the trapezoid, all 


other stresses follow from this norm 


to the compressive normal stress, when the tensile 


normal stress vanishes. ,* herefore, if the | compressive stresses are kept within 


reasonable limits, and tensile stresses are not allowed, it is evident that the 
danger of failure within the dam itself will be remote. — In fe fact, all recorded 


- failures of. gravity dams have occurred at the base where two different ‘mate-— 


A  Notrm.—The paper by D. C. Henny, M. Am. Soc. C. E., was published in September, a 

Me (19383, Proceedings. Discussion on this paper has appeared in Proceedings, as follows! be 
io <— November, 1933, by H. de B. Parsons, M. Am. Soc. C. E.; December, 1933, by Messrs. Ree 
, A. A. Bremin and Calvin V. Davis; January, 1934, by Messrs. William P. Creager, F. W. as 
‘Hanna, Lars R. Jorgensen, and I. M. Nelidov; February, 1934, by Messrs. Paul Baumant, 
at Thaddeus Merriman, Ivan E. Houk, A. V. Karp Ov, Harza, and Edward Godfrey ; 
and March, 1934, by Messrs. F. Knapp, and S. “Woodard. d 

“Sliding Factor in Dams,” by A. “Floris, Western ‘Construction News, “March 10, st 
“Welche _Umstaende bedingen ate Elastizitaetsgrenzen und den ‘Bruch eines in 
a x Materials?” Abhandlungen aus dem Gebiete der technischen Mechanik, von Otto Mohr, Ig 


«Berlin, 1914, p. 192.” 
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otis view of the importance of the aii to the safety of gravity dams, 
N. -Kelen has made tests on stone and concrete models for the purpose of 


determining the bond, shearing, : and frictional resistances of the models 
their base.” * In these unique tests an additional normal force was 


simultaneously, and a linear relationship | was found between the shearing and = 


e normal stresses. In addition, when the bond vanished at the base of the 


models, the frictional resistance increased appreciably. A great decrease in 


Fillunger and does not great uncertainties, as it is claimed.” 
Unfortunately, his findings have b been ignored by engineers in practice. _ To 
ee make use of this theory it is necessary 0 y only to determine | certain constants 


to this theory, when the water the ‘Pores of the 


of the steady flow of water within the dam. The hydrostatic uplift terol 


- the > specific weight of the structure and the liquid friction increases its over- 
turing so that both forces cannot be ignored. 


Be Different conditions may prevail at the base of the dam where, in order 
avoid tension, the porosity of the rock must at least be equal to, or less than, 


the porosity of the This be accomplished b by artificial means, 

as by routing. ~ Le is, 


Jacoss,” M. Am. Soc. Cc. (by letter -The profession is 
debted to the” author for an exceptionally clear analysis of the elements” 


structure enor test by its safety may be judged, ‘should be’ 

| There are several Lillia by which the base width of concrete gravity 


“dame may be determined for any height. The controlling one is dependent 


on the variable elements of height of dam, character of foundation, ipa 
a concrete used, and the ‘Telative safety factors and allowable unit 


i 
deemed essential, in the particular case under consideration. In general, that 
“criterion i is most vital which compels the greatest base» width of dam and Soa 
- that assumption, in conjunction with certain analytical considerations here- 


- inafter, referred to, it would seem to the writer that the criterion of shear is 


¥ not clearly entitled to the high ‘status assigned to” it | by the author ; nor is it 
a 


ape that it should take absolute precedence over the criterion o sliding 


egardless of what” the e sliding factor may be the keying of the base of the 


dam into the foundation, « of course, will “prevent continuous sliding if ade- 


 **Versuche zur Bestimmung des tangentialen- Sohlenwiderstandes von Gewichts- 
Saumauern,” von N. Kelen, Berlin, 1988... te 
 _% Transactions, Am. Soc. C. E., Vol. 95 (1931), p. 200; and “‘Auftrieb und Unterdruck 
_ in Staumauern,” yon P. Fillunger, "Transactions, Second World Power Conference, Berlin, _ 
1980, Vol. IX, ‘p. 323, and summary in English, p. 328. 
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JACOBS ON STABILITY OF CONCRETE GRAVITY DAMS Discussions 


i 
“quate horizontal, » compressive resistance is provided. Such anchorage into 


‘the foundation is altogether desirable but, on account of the shrinkage of 


fresh concrete, it “may 3 not, under full load, prevent incipient sliding» if the 
width of the dam is is less than that required for safety against sliding. | 


This latter condition not. ‘only. ‘imposes a greater unit shearing stress, and . 
greater vertical compressive stress at the toe of dam, than would otherwise | 
_ obtain, but it also introduces the element of hi horizontal “compression at ~~ my: . 


ati on mate rial, these considerations ‘may it quite unwise 


ss There ar e few er uncertainties about sliding than about shear. _ For “rd 

“former, the “major- uncertainty the ‘coefficient: of friction and this 
aaa determinable within reasonable limits for any given case, particularly ed 


foundation has been exposed. For shear, however, there are several 


oo (a) The extent to which allowance should be made, if any, for increased | 


tj a4 
shearing strength due to loading normal to the pl: ine of shear (the amount 
ee: this increased strength is not yet well known and, as an element in Pa 
desi n, i 1as usua een gnor 


all (b) The relationship of base she ar for a vertical “sates of small unit 
width (which is the usual basis of computation) to shear strength of the dam_ 
as a whole or a considerable portion thereof (whieh i is the more likely ‘method 


(ec) The and maximum unit intensity of shear on a horizontal 


; According t to different authorities, the shear may ‘be distributed uniformly, 

it may have a straight: line or curved- line variation with maximum ‘intensity 
Sy 


‘at the heel and zero at the toe, or exactly the reverse ¢ of that; or, it ms wy vary 


as a parabola with maximum intensity at the center of ‘the ‘section. Tt is P 
indeed strange that pure theory and experimentation have not yet 
this matter definitely and acceptably to the E ngineer ing Profession, 
For purposes of comparison, the 1 writer has determined ines 


and for various criter a, such as overturning, ‘sliding, s shear, ete. he author's 
“htt 

es dam of triangular cross- section with vertical back was used for this compati- 


the values of n were reduced to their simplest form; and. the analyses 


were confined to two simple cases, as follows: 


widths of ; gravity dams, in in terms of their heights, for vary ing factors of safety , 


Case I—A of triangular cross-section with vertical back; reservoir 


% * full; no uplift; no allowance for increased shearing strength due to loading; — 
no allowance for base adhesion i in sonsidering . 


‘allowance for uplift fuil head at ‘the heel and 
at the toe, applied toa 40% pore ‘area over the base section of the 


F urthermore, an allowance is made for shearing strength due to 
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loading, amounting to. 10% of that loading, this being the value by the. 


author. ‘ No allowance i is 3 made f for base | adhesion i in considering overturning. 


‘The ‘symbols i in Table 1 12, are délined as follows: height of dam, in feet ; 


‘nm = ratio of base width to height of Ww eight: of 1 cu ft of water 
= 62 62.5 lb; a = specific gravity of concrete = 2.4, the concrete weighing 1 150 Ib 
pelea cu ft; F= = factor of safety; ;= = unit compressive strength of concrete, a 


. 8 days, i in pounds per square foot; s= = unit shear strength of concrete, at 28 


days, in pounds per square foot. i wae ; and p = loading at heel in terms 


full head, hydraulic pressure, 


‘TABLE 12. —B: ase. WI DTHS or Gr AVITY Dams 1x Terms or Hetcut 


TE II amie ite 


‘Forp=0, n=0.6455 |  $$Forp=0, n=0.6455 
For p=0.4, n=0.7071 | For p=0.4,n=0. 7071 
For p=1.0, n=0.8452 | °Forp=1.0,n=0.8452 


Al be noted from Table 12 that for overturning and for r shear, the value 
ndependent of the height, h. It is of interest to note, also, that for. 
the , e compression: at toe of dam for reservoir full i is the same as 
at heel of dam for reservoir empty. For this base width the 
limiting} hei ght of the dam, as controlled by the allowed unit compressive stress, 
~ is 480 ft for an n allowed unit stress of 500 Ib per sq, ‘in.; 576 ft for 600 lb per y 
a in.; and 672 ft for 700 lb per sq in, “Similarly, for n= 0.8: 8452, while the 
limiting heights ' for reservoir full, would be very much greater than the pre- 
a ceeding va alues, the actual limiting height would be controlled by compression — 
the heel f¢ for reservoir empty be exactly the same as preceding 
In other words, the limiting height of a dam of triang gular section with 
vertical back, for reservoir empty, is independent, of the the base width a and equals 


y allowed unit compressive stress, i in pounds per ‘square foot, divided by the | ; 
ote of Rt cu ft of concrete. It is evident, then, that for high dams a richer | 


we 


ws 


- 


and stronger concrete is required than for low dams. Fora dam of wienge- 
_ lar section and a height of 500 ft, for instance, a concrete » would be ‘Tequired 


that i is strong enough to justify an allowed unit: stress of 520 Ib per sq in., 
which, for a safety factor of 4, “might require a 1:2:4 concrete n mix. For a 


dam 250 ‘ft high, however, the allowed unit stress would need be only 260 Ib Ib 
for which ad: B: 5 conerete would suffice. 
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From T ‘able 12, and covering considerable range ‘in the value of 
the variables involved, graphs were prepared to afford a visual concept of the 
varying requirements as to base width. The graph for Case I is herein shown 


Fig. 16. Assuming such reasonably ‘conservative values of the variables as 
are. likely to obtain for any particular case, it is apparent from this diagram 
‘that the consideration of ‘sliding will generally demand the highest values of n, 


principal exceptions thereto being considerations of shear and of toe 


“compression for extremely high dams. In respect of sliding for ‘trapezoid al 
‘sections the base width would be decreased by an amount equal to the top 


eding ‘statement would still be correct although ‘the disparities 
between n n for ‘sliding and n for o other -eriteria would be less than thos 


dams of triangular section, as shown in Fig. 16. _ For Case IT porn 


the same general condition obtains as for Case I. - Despite ; the fact that the 


element of shear | ‘should always be carefully considered, particularly for high 


dams, it would seem n to the writer , in the light of the foregoing indications, 
that the criterion of sliding should not be discarded in the design of gravity : 


z= 4 104 


= tg pue 00 


“§ 


joe 06 140 
Value of n = Base Width on of of Dam, h 


Fic. 16. Wipras oF STRAIGHT CONCRETE GRAVITY Dams or TrI- 


aN@ULAR CROSS-SECTION FOR Savery FacrTors OvER- 
In conclusion, the writer desires ton make one inquiry concerning the Wood- 


ard experiments, on n possible water pressure in the pores of cured mortar speci- 


experiments, par icularly the specific conclusions as to q antitative values 


e for 


mens, to: to which the. author refers. In reaching his own conclusions from ‘these 
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eratior 
these internal water pressures, did ie author give full co consideration to Ge a 


<4). 


fact that a non- uniform distribution of the pores ‘throughout the mass would 


‘sections? This condition, | in turn, “creates | a section subjected to a greater 
water pressure than the av average e section on and, ‘at the same time, has a smaller 


“resisting. area of solid material. ‘Such a non- “uniform distribution is ah 
certain to prevail and, for. identical exterior loading, some — are sub- 


| 


; jected to unit stresses probably double that of other | sections. . _ The writer also: 
iv wonders if the effect of Poisson’s ratio on unit stress was given consideration. a 


The varying values of Poisson’s ratio and of the modulus of elasticity, for 
‘sand- cement mortars: of varying consistency, are not known accurately but, 


2. 


: ‘using conservative values for these factors, it would seem, by increasing the 
lateral pressure of the first three items of Table 7 about 50%, that the induced _ 


Poisson ratio, tensile stress would be sufficient to break the ° specimen, entirely ead 


independe nt of any y stress caused by internal water pressure, It would seem, 
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BY MEssrs. _ADOLPHO ) SANTOS, JR. JOHN D. WATSON, HowaRD 


Cook, C.S. DONALD H. MATTERN, AND F. KNAPP. 


ADOLPHO Sanros, Jr." Jun. Am. Soc. C. E. (by letter)"*.—This presenta- 


~ tion is lucid and concise. ° The author makes possible a better understanding. 


of the meaning, limitations, and uses of duration curv es. 1 However, certain 


aspects of | the subject will bear elaboration to advantage. Quite briefly, Mr. 


Foster : states that duration curves may be represented by theoretical equations 


or curves in accordance with the methods set forth in his earlier p paper.® * He 
a 4 then en explains in in great deta ail the more elementary methods of constructing 


_ duration curves, but makes ‘no 0 further reference to the theoretical method 


which he himself has’ made so easy to apply. Se 


as Properly, he also remarks that when an attempt i is made to represent the 
data by a continuous line, instead of by. a histogram, it is tacitly assumed that 
there are an infinite number of | items to be plotted; that | is, it is assumed 
that the 1 record i is of infinite length; but a record of infinite nite results in a 
smooth c curve e. It: should follow, therefore, ‘that when it is desired to represent — 
on the: data by a continuous line, this line should not be broken or irregular, bat 


- should take the 1 form of a continuous smooth curve. _ This appears” to be a 


necessary ¢ conclusion following from the p premises, , subject. only to the peovion 
that the area under any section of the resulting smooth curve must the 

ys same as that t under the co corresponding ‘section of the histogram. e 7 
the case of stream flow the old saying, “Natura non saltum,” 
_ still holds ‘good. This is an additional re reason why duration curves should be- 

represented by smooth continuous lines 1 when they are e supposed to be loon 
= records | of infinite length 1 and to represent average conditions for a stream 


? _. Nore.—The paper by H. Alden Foster, M. Am. Soc. C. E., was published in October, 
——- 1988, Proceedings. Discussion | on this paper has appeared in Proceedings, as follows: 
December, 1933, by Messrs. Richard Pfaehler, and Edward H. Sargent; and January, 1934, 
‘ by Messrs. C. R. Pettis, and W. G. Hoyt. 
- 1 Asst. Engr., The Sio Paulo Tramway, Light & Power Co., Ltd., Sio Paulo, Brazil. = 
ata Received by the Secretary January 11, 1934. 
3 “Theoretical Frequency Curves ont. Their Application to Engineering Problems,” by 


HL. Alden Foster, Assoc. M. Am. Soe. C. Transactions, Am. Soc. C. E., Vol. LXXXVII 
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‘The writer cannot understand, for instance, the re reasons ‘the duration 


—eurve for the W ‘atauga R ‘iver, at Butler, Tenn. (see Fig. 5), is so irregular 


- He does not understand the necessity for the many breaks, points of inflectio mn, 


hat t the hydraulic engineer | ‘usually knows is that certain observations 


- have given certain values of stream flow. T hese values s admittedly are 1 merely 
“sample” and do not represent exactly the entire 
to be expected, therefore, that there will be deviations between a duration 
curve representing average conditions (the universe) and the actual observed 
values, or r sample, as the basis of a duration 


Gt. will be’ “noted ‘that hig is precisely ‘that 
recom ended in the author’s earlier da per) : 


1—Arrange the data i in order of their magnitude. _ If they are too numer- 
e them into classes of suitable intervals; that i is, group all items that 


Ye. between certain judiciously chosen. limits, treat the class sone 


"observation, of weight equal to the number of items in the group. Tehegeg nag 


2, Express the observations i in terms of their general mean, 


8.—Determine the plotting of each observation n on ‘the -percentage- 2 


of- from 100 059) in whic 


; and n, the total 


4 3 
2 4- —Plot the record data, using percentage- -of-time as abscissas and observa- 


tions in terms of their mean as ordinates. 
ahi 
4 8S Compute the coefficient of variation and the coefficient of skew. gece? 
6.—Select the proper type of duration curve to ‘represent the data. 


; "%—Compute points for the duration curve by means of the factors i in the 
tables g given previously by Mr. Foster.” 


8.— Plot theoretical ‘duration curve on the with the 


7 


record data, and draw a “smooth curve through the plotted theoretical points, = 
how well such a curve agrees with the record data. the 

- in any section of the ‘duration: curve, is unsatisfactory, and if the actual | 


ah 
data show a well marked tendency to arrange themselves i in some other way 7 
_ than the theoretical curve, that tendency should be respected as recommended” _ : 


by the late Allen Hazen, M. Am. Soc. C. E. The final curve: as drawn for use y 
- should be that which follows the theoretical points a and other conditions 1 most. 
closely and, ” the same time, agrees with the record data in a ‘satisfactory — ve 


In taking the factors fom th 1 the tables as nv under Item (7) it has 

_ been the writer’ s practice to use the coefficient of skew as ‘computed, without 

any attempt at adjustment. The writer finds’ that the empirical adjustment 


e 8 Transactions, Am. Soc. C. E., Vol. LXXXVII (1924) p. 202. © 
eit., pp. 162, 196, and 199.0 
Bs “Flood Flows,” by Allen M. Am. Soe. Chapter. VII 1930. 
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by Mears, Foster™ and Hazen™ are satisfactory for flood 
"frequency distributions, but do not seem to apply to the usual stream- flow 


‘duration curves. om Iti is possible that if the computed coefficients of skew were 
* adjusted i in some manner or other the ‘ ‘goodness 0 of fit” between the theoretical 
and actual observations might be improved. It is also possible: that 


a curve e of some type other than Pearson’s Type L or Type IIT might. afford 
a better fit. : The writer would appreciate it if the author would express his 


aaa The application of the method outlined has given | excellent results in a 
Seren region of Southern Brazil for a great number of streams offering : a wide 
“range of variation of drainage areas and average monthly run- offs. The 
"agreement between the theoretical duration « curve and ‘the plot of the actual 
data has been, in most cases, remarkably close. In only | a few 7 cases has it 
been necessary to shift or to modify the theoretical curve to improve the fit. LS 


—«iTti is to be remarked also that the computation of the coefficients of skew 


| @ifferent streams, or of different stations in the same stream. —6«dAt makes easier 

also an estimation of the long- time duration curve ot a stream of which only 


a of ‘skew, which 2 appears 3 to be normal for pret region in which the stream i is” 


~ located, is assumed and the coefficient of variation is computed from the short 
record, ‘inasmuch as it is not largely affected by the length of the series, 


- in case no record i is available, it is assumed also. ro Having the coefficient of 
a ‘skew and the , coefficient of variation the duration ¢ curve follows easily. see 


Jon D. Watson,” Am. , Soc. C. E. letter)™* —The author 


‘commented. on the difficulty of pr preparing a flow- duration curve from daily 
; -run- -off records, and the relative i inaccuracy of a monthly duration curve, In 
7 a “study of flow . records on five major streams of North Carolina, the writer. 


considered these questions in some detail. whem 
aim ‘The n most accurate method of plotting a duration curve is to arrange aah 
the items in their relative order of magnitude, When dealing with daily 

weekly records covering “several years, this method may be simplified | 


advantage | by combining the items into groups having a range of about 10% 
of the mean flow. | This may be called the “total- period method” of plotting. 
“An easier manner of preparing the table is to arrange the run- -off values for 
re each calendar year in order of magnitude, and to average the corresponding 
‘items: for all the years. This may be called the “calendar-year method.” 
oe the latter method ‘there will be 365 points to plot for a daily record, 4 


tie 


or 52 points for a weekly record. ‘The method is not suited for use with | 


Transactions, Am. Soc. C. E., Vol. LXXXVII (1924), pp. 175, 198, and 200. 

Instr. in Civ. Eng., Univ. of North Carolina, Chapel Hill, N. Cc. 

Received by the Secretary, February 13,1934. 

* “An Investigation of the Flow Duration Characteristics of North Carolina Streams,” 

by “Thorndike Saville, M. Am. Soc. C. E. and John D. Watson, Jun. Am. Soc. C. E. 
Am. Geophysical Unio Fourteenth Annual Meeting, 1933, p. 406. 


— 
a 
— 
j 
— 
— 
| 
| 
4 
— | 
— 
— 
— 
= 
— 
— 
% 
— | 
{ 
— 
— 


April, 193, 


WwW -year method i is less accurate than the total- period 


method, it has these advantages: : (1) The tables, once prepared, can be used 
ti 

again without re- -arrangement. when additional years of record are secured 

and, therefore, a new up- to- date duration table can be computed with a mini- 


mum of time and effort; (2) e as there will always be the s same number of mean 


, should it he desired to plot the duration ¢ curve for any single 


%- time values would be the same as for the year. advan 
tages | would appeal to those agencies, mostly governmental, which are regu- 


_ Tarly engaged in the collection (of stream- flow data, and which periodically 
_ publish reports of their findings. The calendar-year method results in a curve | 
that i is higher for low flows and lower for high flows than the corresponding - 
-total-period curve, but the total area under each “curve i is the same. nde 4 rt a 
+ ie to the Telative accuracy of these two methods of plotting, the writer 
found that, for ‘Western North Carolina the average difference 


in ordinates of curves plotted by the two 


an arbitrary ‘correction the average error can be to less per 
- The writer has recently “investigated the “relative accu accuracy of duration 

curves prepared from average daily, weekly, and monthly flows, for North 
£ Carolina streams, and has found the average difference between the ordinate 

of the weekly curve and the ordinate | of a daily curve. to be from 5 

(9% of the mean flow. This was nearly one- half as great as the error of the 

monthly with 1 respect to the daily curve (which was found to range 13 
to 19 per cent). Because of this error, and because the weekly curve has ‘4 
advantages peculiar to itself, its use is not to be recommended unless, of 
> length of the record w will also affect the accuracy of the curve 
= records of 31 to 33 years in length were analyzed to locate in each ne 

the periods of ten consecutive years that had the highest and lowest ae 


flows, From each of these 10-yr periods, duration curves were prepared and 
compared with the corresponding curve for the entire period of record. . When : 
plotted | in terms of the mean flow for the corresponding ‘period, the curves — 
found to be largely. self- compensating. the average flow was high, 
the duration curve (plotted in terms of its mean flow) was low, and vice Cen: 


The conclusion was reached that a duration curve prepared from any 10- ‘yr 


record of daily flows and plotted in ‘terms of its mean is more accurate than 
one prepared from a 30-yr record o of average monthly flows. 


Howarp Coox,” J un. AM. Soc. C. E. (by letter)™*— The relation of the ; 


duration curve to the frequency curve has been well brought out by the author, a0 


this is possibly the most important feature of the paper. “Its significance 


“An Investigation of the Flow Duration Characteristics of North Coveting Streams.” 


Thorndike Saville, M. Am. Soe. E., and John D. Watson, Jun. Am. Soc. E., Trans- 
ations, Am. Geophysical Union, Fourteenth “Antal Meeting, 1933, 


*« Received by the 20, 1934. 
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. Mr. Foster’s paper is admirable because he 


The frequency curve is , used by ‘statisticians almost to the exclusion of its 


* integral curve (the so-called duration curve. ) While the duration curve has" 


undeniable advantages ‘for! use: in several kinds of engineering analysis, 


Pe pond be much better if engineers would follow the statisticians and always 
study first the frequency | curve of their data. The duration curve ‘is a mass 


_ -eurve and should be : thought of as derived from the frequency « curve, , which i is 
basic. integral curve a always irons: out, that is, obscures, important varia- 


easily noticeable on the curve from which it we as derived. For ‘this 


curve. ‘made up from. it. engineer does. ‘not study” ‘the | 


diagram of railway earthwork to familiarize with the 


of the line; he ‘Studies the profile. wil Mig af 


ss should: be noted that the Dicceinihieisittdtaltianbde (the data, arranged in 
“groups or classes, from which a frequency diagram or curve is plotted), 


oon always made up for equal intervals of the variable. — Therefore, whén data are 
being tabulated for use in n constructing ‘duration et -eurve they ‘should be 


fart? 94. 


Point of Inflection 


rn 4 


—THE FREQUENCY Curve Its Curve. 


‘ 


distribution, as well 
the cumulative distribution foc She. ey, be available. 


construction of frequency: curves. is treated in all. books on mathematical 


important consequence of viewing the duration curve as the integral 
of the frequency ct curve is that it leads one. directly to an understanding of the 


proper shape for the duration curve. Fig. 10 shows a smoothed frequency 


See, for instance, of ‘Mathematical i. ‘Rietz, ‘Editor r-in- 


— 
— 

— fir 

— 
3 
— 
— 
is 

— 

¥ 

om 
== ° | 
; 

5 

— 

— 


OOK ON DURATION CURVES 


curve on the sal 


maximum frequency occurs is the mode. Stated otherwise, the modal flow 


— a maximum value of the Gini: The value of ‘the font at which this 


jae ‘Tt is now clear that whenever there is a modal flow greater than the mini- 
must be a point of f inflection on the duration curve. Furthermore, 
it is is well known that there is such a modal flow on all streams not intermittent _ 
he in character. - This follows directly | from the universally known fact that the 
and the very largest: flows occur infrequently. y. Consequently, — 
there must be some intermediate flow that o occurs more frequently than any 7 


“theoretically” the ‘curve e should not When ‘the 
. 3 viewed as the integral of the frequency curve it is perfectly obvious that this 


is entirely wrong. How such an erroneous proposition should have gained 
such wide credence is puzzling, especially. ‘since » Adolph F. Meyer, M. 


Soe. C. E., has pointed out™ the true significance 
and has suggested adopting the mode as the ‘ ‘normal.’ 
It is true that some frequency distributions do not have a mode. Ex amples 
of these are distributions of daily rainfall in humid regions, for which » the 


~ amount designated as trace, occurs most often. For such a distribution, of 
_ course, the cumulative frequency curve would not inflect. However, all dis- 
ch harge records of non- -intermittent streams show skew distributions with 


It may be well to discuss this modal value further i in connection with dura- 
a tion of stream flow curves. — There are are three important statistics, or character- 
— luing values, that should be calculated in all analyses of stream-flow records: 


= 


4 (a) The arithmetic mean or average flow; (b) the median flow ; and (c) the 


i modal flow. All three are indicated on Fig. 10. Note that, fora dow frequency : 
curve, the median always lies between the mode and nd the mean. 


os, The calculation of the average flow i is s always made, of course. — The median 


~ flow is often noted also, it being the 50% flow on the duration curve; that is, 
.~ flow that has one-half the flows greater amd one-half smaller than | 


‘itself. The modal flow, however, is very rarely calculated or used, although 


‘it is ‘suggested that, for a number of purposes, it is the most valuable of all 


=] The modal flow is closely connected with the normal ground-water, or other 
: form of ‘Storage flow, from a drainage basin. It provides the ‘most sensitive 
- Single statistic available: (1) For studying ‘the effect of changes in forest 


cover, ete. on stream flow; (2) for testing the consistence of stream- flow 


nite of Hydrology,” 
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by Adolph F. Meyer, Second Edition, 
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shavacteriatios different. 


"There i is not space to enumerate all the advantages of this 

It is difficult to locate the mode correctly. theoretical ‘mode is the 


_ value of the variable corresponding to the maximum ordinate of a theoretical _ 


| frequency curve fitted to the data. The fit fitting of frequency- -curve ; equations 

to ft engineering data is entirely too ponderous a procedure for general use. 
: |For this reason it is suggested that, with | care, an approximate n mode may be 
estimated i nearly all cases stream- flow analysis, by, method due to 


is The author’ r’s method of smoothing a duration curve is not ill rational. 
. a rational method i is to smooth | the frequency curve from which the e dura- 
tion curve is derived. | Mr. Foster calls attention to the danger of using too 
long a time unit for a ‘duration curve to be used i in making a detailed analysis. 
‘It is not generally recognized that. there is s also danger of choosing too ‘short 
period. This is said with reference to the use of winter stream-flow 
taken und under ico conditions. In the Northern States the large amount of esti- 
mation necessitated in preparing such a record ‘makes it impossible to 
en a fair degree of 2 accuracy for” the mean daily flows, although the = 


yaad 


-monthly flows may be fairly well determined. For such a record nothing is 

added to the results by basing ‘computations on duration curves constructed 
from daily fi flows. Such a procedure may even prove to be misleading. hong 

engineer: is “usually only justified in using mean monthly flows. In such 

eases two duration curves should be : prepared, ‘one on a daily | basis for the 

summer season records, and one on a monthly, or perhaps weekly, b 

ilgts In connection with the history of the duration curve the following may ie 
_ of interest. The cumulative frequency curve is usually | called an “ogive” by 

statisticians and has been used in statistical studies for many years. It 
came into prominence through being extensively. used by Sir Francis Galton 
in his studies of inheritance. For this reason it is sometimes called Galton’s : 
ogive. The first published paper on the duration curve we of stream | flow ‘seems 

to have been ape of the late Clemens Herchel, Past-President and Hon. M 

Am. Soe. C. E © who stated that the use of the curve” was suggested to him 

. 8. Jarvis," M. Am. Soc. C. E. (by letter *« profession is indebted 

to Mr. Foster for his notable contribution regarding duration curves and — 

their fields of usefulness, as well as their practical limitations. Of 


interest is the historical account of their development and adaptation to 


Statistischen Forehungsmethoden,” von Czuber; and, “Handbook of Mathe- 
Gauging of “Streams,” ‘Clemens Herschel, Transactions, Am. Soc. C. 


Tenth Census, 1880, water Power of United States, on Region 


‘Tributary to Long Island Sound,” by Dwight Porter, p. 6. mi 
Senior Hydr. Engr., U. S. Engr. Office, St. Paul, Minn, 
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* problems Telated to to stream flow ; while the methods devised by the author for ; 
deriving new curves from the originals, to the influence of storage 
. a In 1931 , during a survey ¢ of the streams of the Delaware River System, Mr. 


Fo oster and the writer were associated on a problem that permitted a ‘graphical 


solution. if Fig. 11 shows the forms of duration curves for the Delaware River, 


unt 


- Information Based on Observed Data | 
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11.—Fiow DURATION CURVES, BASED ON MEAN MONTHLY DISCHARGE OF 
AND WEST or DeLAware RIVER, aT N. 


and after the proposed partial regulation incident to the 


"Planned to augment the water supply for New York City. the Court 
~ decision: limited the authorized diversion to about 10% of that which was 
- originally planned, it was evident that the departure of the proposed regulated 
“flow curves from those showing observed discharge, would | be reduced in 
, Moreover, is” ‘clearly demonstrated 


such that the flood peaks will be reduced, and the minimum 
flows increased, by such regulation attending the proposed diversion. cna ae 


m2 


i _ Fig. 12 portrays the duration curves for the Mississippi River at the out- 


of Pokegama Reservoir, 330 miles above "Minneapolis, Minn., ‘through | 


_ which are discharged the storage and the natural flow from Leech Lake and» 


Lake Winnibigoshish as well. This i is a fair measure of the difference between — ve 
Mean annual and mean monthly discharges basic data on a regulated 


| 


stream, and is much less than would occur with no regulation by storage. 


lv. 


- this: instance, reduction toa daily or weekly basis would alter the curve of a 
mean monthly flow o only slightly, due to the excess ‘storage capacity, thorough “a 
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MATTERN ON DUR ATION ‘CURVES: 4 Discussions 


Drainage mea, 3265 sq mi 
Mean 1126 cu ft per 0.345 cu ft per sec per mi 


: 
arge in 
Ls 


Annual Discharges 


| River, at OF 


and slugeih flow. In fact, it demonstrated 


of 440 sq full stage, may either overcome or multiply the 4 
» Sa down ¢ of reservoirs as measured 0 on rs: _ thus making a daily 


H. ‘Marreny,* ‘Aw. S00. ©. (by letter) Titerature 


by this paper. The detailed explanation ‘regarding preparation of data prior 
to curve plotting should assist in arranging the information in i most logi- a 


‘manner to ‘secure the best ion 


= one fundamental objection to its hyeetedtaae use: It does. not present a picture 
ie of the stream flow i in chronological order. 1 In combined systems where hydro- : 


electric “power may furnish base-load power during some parts. of ye ear 


88 Asst. Hydr. Engr., Tennessee Val. Authority, Knoxville, Tenn. - 


experience: e that da: ily reports of variations in gauge heights and in ‘discharge 
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1 Mean Discharge During 50-Year Period, 1126 cu ft per sec 
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peak load the remainder of the time, it is particularly important to know : 
‘th flow distribution. — In either the > study of a a proposed development, or the 


operation of an existing plant in such a combined system, the steam and 
hydro-electric capacity must be handled in such a way that they aide 
- economically into the system annual load curve as well as the daily load curve. | 
‘The hydrograph and the similar curve showing kilowatt-hours ‘present this” 7 


e picture, whereas the duration curve cannot do so because of its construction. = 


ven _‘Then, again, in most of the larger pice where power i is developed aod 


enable the engineer to operate a system ‘more ~The writer 

acquainted with one system | in which flow is ‘somewhat different on the prin-- 

cipal power streams. Total annual run-off proportional, but the 

have seldom occurred at the s same time. The duration « curve, then, would 

not be of value in plant. operation during the period of the year when a : 


“greatest opportunity exists for savings to be effected through well- planned 


vi By use of the hydrograph it is much easier to demonstrate to executives _ 


the x manner in which the output of a hydro- electric plant fits into the : sys- 
tem; the manner in which possible changes in | operating conditions are 
brought about by storage at one plant i in one part of the year for benefit in 


= period; ‘and the 1 necessary steam- -plant operation under varying oni 


tions Executives want to see facts presented graphically, not mathemati- 
ally, although the latter may produce the same result, — If use of the hydro- 
graph type of curve is “necessary to present data to the | executive, is it not 
better to make use of it at other times as w ell 4 In other * words, is not the © 
field of the duration curve | elsewhere than » in connection with operating» 


‘Kwapp," Eso. (by letter)**.— —The duvakion- -area curve the a 
finest tools engineer possesses for solving hydro-electric problems. 
gether with the hydrograph and the mass curve, the duration- area curve has © 
proved. exceedingly valuable and, at the same time, is generally applicable | 
without making limiting assumptions, especially in those complicated cases 
where several power stations ‘supply the same power market. Certain proper- 
ties of the duratior-area curve, not mentioned by the author, lead to. ‘sur- 
prisingly simple solutions of hydro- electric problems. vant 
The daily variable load demand of a power system changes with the sea- 


ri- ‘ sons and, therefore, i is represented by a three- e-dimensional | diagram or “load 


demand mountain. “fit In order to determine the output to be supplied by each : 
station by. means of the load- -duration- area curve, it becomes necessary 


on 
is devise a common diagram in two faithfully 

daily and monthly variable load demand. co Qnibesash dius 


shows a monthly load- duration- -area curve or “power- energy curve 
for the total demand of a power system. It: is constructed by determining 


as Asst, Engr., ‘The Sio Paulo Tramway, Light & ‘Power Co., Ltd., Siio ‘Paulo, 
Brazil, wy 
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“Discussions 
from load- the area, , expressed in kilowatt- -hours, 
a any load, P, and by plotting this value horizontally at the corresponding — 
"ordinate. The power-energy curve will be a a straight line below: the minimum 


tt also in 1 average kilowatts e equal to the quantity of kilowatt- hours” divided 


a 


4 


Average Load 


by the total time, in hours, for which ‘the curve has bedi’ drawn, The abscissas, 


iz... 
a likewise, 1 may , be divided into average hours equal to the kilowatt- hours divided 
by the maximum yearly peak load, thus expressing ‘the ‘number of hours in 


3 
the maximum yearly peak would produce the same kilowatt-hours. 


_ The load factor, referred to the maximum peak, is obtained by dividing the 
average number of hours by the number of total hours of the power- energy 


carve, This | curve, naturally, m may be drawn for daily, weekly, monthly, or 
yea 


of kw 


yearly loads, depending on on the case at hand, ‘which results i in daily, weekly, 


“atanding | the straight | yart of the | power- energy curve to the ordinate at the 
deft , the intersection gives the a _average load, Ph load, Po 
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(1984 


demand below i is sup- 


a) kw-hr, the same ‘output, 
_y kw-hr, is produced by Pu kw of power in n the stream. aa 7 ree oe 6 


in the stream. With a a storage 


ban The yearly load “mountain” can now be to a single diagram by 
‘diag the properties of the ] power-energy curve. _ As the load, P,, is equivalent — =e 
to a monthly load of Pu case Fig ig. 18), the s same construe- 


ordinates, P;, Pu, Pin, ete., the side of Fig. 13. These re- 


. duced ordinates express | the actual monthly load demand i in terms of average 
load lasting one month. Hence, the load demand of one month is Tepresented — 


by a single vertical line with ‘unequal sub-divisions which, in turn, are pro- 
portional to the monthly load factor. should be noted, however, that the 


reduced ordinates, P;,' Pu, Pr, ete., as parameters, the absolute values 


age correspond to the original ordinates, Pe, P,, Ps, ete. : 


required two- dimensional representation of yearly system load- 
demand “mountain” is obtained by repeating | this. procedure for the other 

f months (or weeks) of the year and a arranging | the reduced power- -demand lines L@ 3 
vin 1 chronological order, and then connecting the points with equal 

ordinates. _ The area of this diagram, according t to its construction, furnishes the 

“yearly load demand of the power system. As long. as the ordinates of 
the reduced power- deinand lines w ith the parameters, P,, ete., are as 
| great as the corresponding ordinates along the left side of Fig. 13, ‘the load =} 


is used 24 hours each. day throughout the year. has 


now powe system the base load of which is supplied by 
id run- -of-river plant with, or without, pondage. The hydrograph of this plant is yn 
Bf added to the load-demand | diagram. For very flashy streams, it is convenient __ 
a to strip the hydrograph of all flood flows that exceed a given value. 
maximum flood to be “represented can be determined easily according to the 
‘aa particular case; but a s the power in the stream | for the ‘greatest: part of 
the year is not used throughout the ‘month it becomes necessary to reduce the — 
hydrograph ordinates, expressed in kilowatts, to the monthly a average load» 
demand by projecting points: with values of P,, P., etc., on ‘the hydrograph 


Ate Ant dog 
an vertically downwerd to the corresponding load-demand lines, Pi, Pu, Pin, ete. 


This i is the procedure, when 1 no pondage is available at the r run- -of-river plant. 
With an available pondage of d kw-hr, P, kw of power ‘in the stream are = 


capable of supplying a a maximum load of P, kw, with an output of (y + d) 
kw-hr. Reducing Ps kw to average load, a ‘Hedubed ordinate (P’1) is obtained 
which, naturally, is greater than the corresponding reduced load, Py, for the 7 
case without pondage. With a maximum required pondage of kw- hr, kw 


of power in the stream would produce the maximum required peak load, ‘s¥ a > 


Next, connecting the ‘points: thus obtained on the load- demand lines, the 


reduced hydrographs as actually needed re power production (and, therefore, 9 . 


the ‘yearly load- diagram with a 


, _waste, (x c) kw-hr, provided, the system | 
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this diagram ding 


energy “generated at ‘the run- n-of-r “river plant w ith: water from a storage 
above. The diagrar shows also when the storage plants commence and 
cease operation. _ It shows also that deficiency and waste at the run- -of- river 
plant may occur at ‘the : s me time, provided no pondage i is available, The 

has some advantages that it. shows clearly” the ‘relation 
; between total system demand, and the energy generated by, and the capacity 
the _run- -of-river plant. The usual determination of the output: of a 
run-of- river plant (without taking consideration the relation between 

4 system demand and maximum plant capacity) gives ‘output values that. may 

a me far too great. 7 In design , the diagram assists greatly - in constructing use 


“curves, or determining utilization factors for ‘various | maximum plant capaci- 
ties: and system characteristics without the » use of older and ‘more tedious 
‘The diagram» may be completed improved by introducing 


Pry 
variable efficiencies of the plants and variations ns of head. The necessary moi 


fications for thi ( 
The writer has found this diagram to be an exceedingly simple and fitting 
oF for all problems which when solved by the usual methods become tedious 


or are not sufficiently precise. other problems may be “mentioned 


- that of pumped storage working together with run-of-river plants with or 


without pondage, and monthly or yearly storage plants. Furthermore, th the 


‘most economical distribution of peak and base load among the various power 

Stations i is capable of easy solution, which is especially valuable curing | dry 


periods and i in those « cases, where short- term weather forecasting i is used. 


| modification of the aforementioned method consists. in using the pe 
-area curve of, the supply instead of the hydrograph, “which in certain 


re In his ¢ previous paper® the poe gave, for the modified Type I. oad Type 
frequency curves, a. very simple method for computing the ordinate 
the duration curve, provided ‘the coefficients of. variation ‘and skew are 
4 known. bis In the ease of stream flow at least the duration | curve gives a smooth 
continuous line, and the writer wonders why the results of the author’ 8 former 
‘paper have not been applied to the Butler, Tenn., record shown in Fig. 5 
with many steps and irregularities. The writer is of the opinion “that 
a any stream- -flow duration curve si: ould be represented by a smooth line drawn 
_ either through the theoretical points, or through the points of individual 


plotted items or those plotted by groups, with the only restriction that the 


area below the curves thus obtained should be identical in the three cases, 


In ‘most practical cases t the ° theoretical, duration curve for stream flow and 
Type III frequency « curve are in sufficient agreement with the duration curve 


“as obtained from the records. 


_ “Pheoretical Fre uency Curves and Their. Application to 

by H. Alden Foster, M. Am. Soc. C. E., Transactions, Am. Soc. C. E., Vol. LXXXVI 
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author’s present paper deals with the application of duration curves” 
‘to hydro- -electric studies, but does not aim discuss the mathematical 


id [| theory of the duration curve by means of skew frequency curves. That a. < 


ye J the purpose of the paper published in 1924, which reflects distinction on the ~ : 

In the present paper, Mr. Foster explains the duration curve by the round- 
about method of the frequency curve. It would have been better to dismiss 

on the frequency curve e, especially as ‘this. curve, for” the short- term records 

ty commonly available, is likely to be» very irregular. . For those en engineers 

a familiar with the theory of skew frequency curves the simplest definition of | 

en § the duration « curve consists in stating that the sum of the abscissas of the 


ay | histogram at any ordinate is sh ifted to the left, thus forming a continuous — - 


se | line, which expresses 1 the number of days or years or the time in percentage — 
ci- during which ‘the run-off or load was. greater than a certain quantity. 


us frequency curve shows th the number of days or years the item uw under considera- 
ng tion equalled a certain value. ‘The frequency curve has only restricted appli- 


di- | cation, in studies of the change in river bed, transportation of sedimentary 


of material ‘Geschiebefirderung” and inland navigation. 


7 The four elements of hydro- electric studies (namely, the hydrograph, mass _ 


ing Curve, | duration curve, and duration- ~area curve, or its derivatives), each hi have L 
ous fy their proper but limited application. The resourcefulness of the engineer will 


me always find that combination of the four elements which | gives a simple and 


“or comprehensive solution of a rather complicated problem, such as the demand 
the | and supply of an interconnected power system. Sail ee ae 


wer _ Although the paper deals only with the properties of the duration and =? 
dry diitations “area curves and their application to simple hydro- electric studies, the = 
i author 3 is to be commended | for his timely paper as the duration- area curve, — : 
even in recent “textbooks on hydro- electric engineering, not been ade- 

a quately discussed 1. It is to be hoped that in the future, the duration-area 7 


curve will find greater application for hydro- electric studies, 
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SOME SOIL PRESSURE TESTS 


Messrs. T.  FARRANCE DAVEY, D. P. KRYNINE, AND 

FARRANCE Davey Assoc. M.. Am. Soc. C. E. (by letter)™. —As the author 


states it is only by the agreement of a ‘number of researches that actual facts 
__ become established. In like manner, it is only by the observed results of fail- 


ist 


ares (which, by” their ‘implications, are | likely to be obscured), ‘that full-scale 


of several failures ‘that have a bearing Mr. Parsons’ paper. 


Fig. 10 refers to two sections of a dry, rubble, “masonry retaining wall, 
>? 10 ft high, built of old. red ‘sandstone and supporting a fill of old, 
red sandstone. failures occurred when the “material had 
been wetted by rain. The decomposed material had a somewhat clayey 


-. coating as had also some of the sandstone i in the 1 w rall itself. . he immediate 
cause of the failure was the superimposed moving loads, the compacting ¢ of 


ae) 
the fill due to. live load, and the vibration of this load. 


ihe ‘Fig. 10 shows the wall after ‘it had bulged, and « at the time further bulg- 


ing was arrested by ‘suitable shoring. _ In this instance it is interesting _ com- 
pare the pressure curve obtained from the ‘ “prism of maximum pressure” 8 ond 


. 3 the actual vertical contour of the bulged 1 ‘wal (Fig. 10(a)), although ‘there 
: would ‘seem to be little mathematical relationship between them unless the 


-. wall were assumed to be a plastie body in which deformation is proportional 


the load applied, : and to the time. which it is applied. 


eit 3 - Fig. 10 (c), Fig. 10(d), and Fig. 11 show the wall in another section after 
it had bulged to complete failure. The conditions seem to- ‘correspond some- 


what to what Mr. Parsons describes as a “drained” condition. In this in- 
stance, the surface of rupture w was s along ¢ a straight dope. of maximum pressure 


Nore. —The paper by H. de B. Parsons, M. Am. Soc. C. B., was published in Noven- 
ber, 1933, eg ay ia Discussion on this paper has appeared in Proceedings, as follows: 
January, 1934, by ¢ C. Meem, M. Am. Soc. C. E.; February, 1934, by Messrs. Eugene 
K. Halmos, and Cc. Wilcoxen ; and March, by Messrs. 0. K. Froehlich, H. L. 
City of Birmingham Elec. Supply » 
Received by the Secretary January 5, 1934. 
“Reinforced Concrete Construction,” Vol. II, Second Edition, 433. 
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to Mr. Parsons’ observation as to unsupported bank: 
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DAVEY AVEY ON SOME SOIL, RE TESTS Discussions 

the seal of an interlocked wood sheet- “pile coffer-dam near Long Beach, 

Calif. is of interest. Because sand of “quick” behavior been 


bet 
__Wedge of Wall Remaining 


After Collapse 


| 4 
4 
found at near-by points, the (Fig was jetting 
pumping with the entire site flooded. Bearing piles were driven first and 
were followed down” to their 1 required. depths by a “dolly.” When the 
coffer: had been cexeavated, but while it was still flooded a number of piles 
00000. After Irruption~ 
- 6.00 Level of 
Inside Cofferdam 
i After Irruption 
S| 
Proposed Tremied 8 
8 of Concrete 0 
~ 30.00 Excavated Level 
Excavation alll 


40.00 — 


“ao 


b 

‘that ‘the ‘seal at ‘the bottom was broken : and ‘the sand, with water, b 

and invaded ‘the ‘éxcavated site. From the final levels = 

can assumed to have been obtained while the material was effec: 

tively liquid, due to pile- -driving), a: simple calculation can be made: of the a 
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KRY NINE ON SOME SOIL ‘PRESSURE TESTS 

he Treating the inside and outside of the coffer-dam as the legs | of a mano-_ 
_ meter and using X as the unit weight (pounds per cubic foot) of the fluid 
sand (see Fig. 12): 40 X = 34 X + 14 X 62, or, X = 145 Ib. Possibly, the 
ge in pressure « on first irrigating, a: as =tnaniiel by Mr. P arsons, was’ due 

to the sand falling toward the center of the mass during irrigation as it com- 
pacts 5% of its s depth (see under the heading, ‘ ‘Pressure Tests’ ‘Vy and thus 


‘M. Am. Soc, ©. E. letter)". Notwithstanding 


of a of. experiments on earth pressure against retaining 

walls, this paper represents an able addition to the technical semen in this 
py 

hes The value of Mr. Parsons’ experiments is indisputable. Ay 
Behavior « of Soil in Containers.— ‘To the eight conclusions offered, the 

i: would like to add one more, namely: These experiments clearly pwewl 

that present knowledge as to the behavior of soil in containers | is extremely 

limited; and until a sound theory of such behavior is developed, quantitative 

_ results of smaller soil tests can be extended to larger structures only with 

| dip order to a this idea, it is shaguaradge realize that a soil mass in 


mass practice ‘possesses one face, or two but more. For > 


? instance, the soil 1 mass under a building is to be considered as possessing one 

‘The problem of how a plate acts on a soil mass in which there is only one 


horizontal face, is still not definitely solved, although it has become evident 


that the soil condition in this case depends largely on both the size and the 
rigidity of the acting plate. Hence, it may be realized how complicated 
- the stress distribution is, in a box with five or six plates acting on the same 
- soil mass. ‘a It is quite logical to believe that if, in the case of a single plate, 
_ the stress condition depends on the size and the rigidity of the acting plate, the 


4 same is true in the case of five or six plates acting simultaneously or, in. 


other words, i in the case of an experimental box of 


al "Experiments show that when a plate acts on the h horizontal surface of a soil - 


4 mass, a disturbed zone may develop under that plate.’ Pi An immediate con- 
= lS clusion follows that a disturbed zone exists at the bottom of each experimental Pi 
4 box filled’ with earth, since the bottom ‘Teaction is quite | similar to a force 


‘ transmitted by a plate. Perhaps disturbed zones close to the walls and the 7 


. bottom of an experimental box are responsible—at least partly—for the obscure 


a Be The interesting fact ‘that there isa decrease of horizontal pressures at the 
a F beginning of irrigation, as discovered by the author, , can be explained by s ur- 
vels 


conn, Research Associate in Soil Mechanics, Dept. of Civ. Eng., Yale Univ., New rons 

‘Received by the Secretary February 15, 1934. 

8 a ‘Some Shear Phenomena in a Loaded Soil Mass,” by D. P. Krynine, M. Am. Soc. 

C. E. Civil il Engineering, Vol. 3, No. 10, October, 1933, P. et et seg. 
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Discussions 


ON SOME SOIL PRESSURE TESTS 

tis phenomena as stated subsequently; but before passing to that phase of 
the discussion, the writer - wishes to emphasize - that even in a full-sized earth- 
_ pressure test in a box the influence of the walls may be so considerable as to 
disturb, the entire picture of stress distribution. Smaller samples sometimes 
b furnish more reliable results than. larger. ones as, for instance, in the case ef 


the well-known compression device, in which samples should be as 


‘Until a . theory | as to the behavior of the soil in containers is advanced, 
experimental apparatus should be adjusted by trial. For instance, the loose- 
7s board partition of the box in Fig. 4 should have been “placed at variable dis. 


‘tances from the bulkhead, and the scale readings compared. ~The 


9 distance would then be determined by the stabilization of the reading at 


4 subsequent movements of the partition. The width of the wall is to be 
ail determined in a similar way. It would be interesting to know how - 


Bie length and the width of the experimental box (Fi ig. 4) were actually ‘deter- 


Decrease of Horizontal Pressures at the Beginning of ae 
t, ‘noteworthy | fact discovered by the author is explained in the paper as. the 


result of: A decrease in the weight of the soil below the water level, 


while above the soil, the dry weight is retained ; and (b) a reduction of the 
of internal friction in the submerged section. ‘The angle of internal 
7 friction of sand changes only slightly | under water; and the apparent loss of 

. weight i in water cannot influence the walls of the container since, in the points 
ai. _ of contact wi with those walls, the mass “sand and water” develops its full weight. 
woe phenomenon may be explained by the action of the surface tension 
of the: capillary water. In the beginning « of irrigation, capillary water rises 
rapidly, preceding the gravitational water. contributes to the partial 

4 contraction of the sand mass, connected + with ‘its partial removal from the 
walls and consequent decrease of pressure. In order to demonstrate this, 
the writer made the following experiments using small portions of dry soil 
- powder placed in crucibles. The crucible shown in Fig. 13 is simply a a porcelain» 
container with some e small perforations i in the k bottom. ‘The price of a crucible 
is negligible and the e experiments are «% so simple that they can easily be on. 
‘by one who does not even” Possess laboratory training. A little round piece 


of filter or blotting paper should be placed on the bottom of the crucible i in 
order to. prevent fi fine soil | particles from dropping, through. 


“ithe erie ra led with dey 


in. wide, appeared ‘between the soil mass and the ‘walle of “the 


ye 


orucible The sand column was ‘standing by ‘itself and did not exert any 
pressure on n the ‘This lasted min, after 
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Experiment 2.—Experiment 1 was repeated with the difference that when 

th was removed from the water hastily so that 


KRYNINE> ON SOIL PRESSURE TESTS 


no excess of capillary moisture was ‘permitted to enter the soil mass. OA fis- — 
so in. . wide, was clearly visible for 1 lewd thereafter. 


mm, with a plasticity index of about 


15. A gy ine wide, was prior to the appearance of the visible 


ea moisture : at the top. The crucible was Jeft in water throughout the — 


entire experiment, and the fissure did not close for 1 hr thereafter. 


Deflection Shown 


£ 
= 


AL 


i‘ 


oth 


4—The ‘crucible was ‘filled with Ottawa sand. No fissure 


could be distinguished o on its moist surface | owing to the coarse texture of the 


7 tested 1 material. . The crucible was removed from the water and slightly tapped _ 
with a finger. pen The sand mass ‘then sey separated from the walls and the excess — 
of water dropped through the bottom of the crucible. Vertical settlements of 


the soil mass were observed in each of the four experiments. A ible ear 


er Basing his s conclusions on these | experiments, the writer believes that when 


- the box i in Fig. 4 was being filled with water, the capillary moisture was rising 
rapidly above the w water level, thus binding particles as described. This 
“caused a certain decrease of pressure (A). s the» water level rose, the pres- 


sure, increased to a variable amount (B), to the weight of the water. 


When the water level + was low, Pressure A was greater than Pressure B, and 


the total pressure on the retaining wall decreased ; but quite soon the ‘con- 


trary occurred (B> A), and the factor, A, lost its influence on the’ general — 


_ the pressure curve, although it ceased to exist only. when the water 
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Discussions 


— 

level « came close to the top of the experimental box. — The experimental pan 
contained about 10%, and the g gravel about 3%, of fine - particles, and those 

: were primarily responsible for the partial rigid binding of the entire soil — 


As 8 another proof of his belief » the writer wishes | to nage a field a 


4 ft by 4 ft by | 2 ft 6 in., was partly filled ‘with oll for measuring 
purposes. A heavy rain obliged him to postpone the work and to leave the 
filled box outside. _ The rain lasted an hour or ‘more. The water drained 
‘through the soil mass, and some moisture adhered to the particles. An 

_ examination of the box 15 hr after the rs rain, , disclosed that the particular. soil 
had become rubber-like and obviously exerted no lateral pressure on the walls 
of the box. | Fig. 14(a) 1 represents 3 the deformation of the _— mass in in question ; 
under the weight | of a man standing on id 

Pressure the Drained Material. —In condition 


remained in the interstices for 12 hr, and the writer assumed that, after this 


period of of time, or one- -half the voids were still full of water. - " According to Mr. 
Parsons: an error in 1 this assumption . will not cause a serious s change in the 


results, may be quite true when moisture distribution is more or 


moisture content was close to the top perry on contrary, 
_ that it was considerable close to the bottom of the experimental box. Several 
investigations | along this line , have been made by soil physicists. Mr. F. H. 
King,” for instance, filled several galvanized-iron -eylinders, 8 ft high and 5 in. 


n diameter, with sand, made water t percolate through the sand for 190 hr, and = 


‘1? kept the -eylinders for 24 yr under conditions of no surface evaporation a 
no addition o: of water. “Moisture content was obtained by cutting t] the tubes 


down in 3-in. sections ; and removing and drying the sand at 110° G ‘until 
constant weight was reached as this is usually done i in labor: atories. 


Table 8 represents some of Mr. King’s data.” similar: moisture dis- 
— would perhaps mean that another method of computing the : angle of. 


internal friction for the drained material 


Distance from | (PERCENTAGES BY WEIGHT) FOR Distance | (PERCENTAGES BY WEIGHT) FOR 
bottom of tube, Errective S1zEs, Iv MILLIMETER, | from bottom ve S1zEs, IN wareremaiene 


wa 


Coulomb and -Formulas—The author. highly com- 
ended for definitely identifying both the Coulomb andl the Rankine formulas. eo 
r Actually, the Rankine ratio, wu, between the principal stresses for the case ef a 


% “Principles and Conditions of the Movement of Ground-Waters,” Fr King, 
. S. Geological Survey, 19th Annual Rept., Pt. 2 (1897-98). ee : 
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Ap 1084 KRYNINE ON SOME ‘SOIL PRESSURE TESTS» 


| in which, ¢ is the angle of friction. — _ Furthermore, for a a ‘ground surface that 


8 Introduce an auxiliary angle, j, which would satiafy the condition: — hah, 

and divide both the nominator and the denominator of Equation (9) by cos i. 


2 


should be noted, that the Coulomb and. the Rankine for mulas 


‘an be applied to the so- called “one- phase soil systems” only, such as dry. 
-cohesionless sand. _ They do not yield accurate results when cohesion acts in 


ee 


addition to friction. i The angles given by the author i in ‘Table 4 are rather — 


Shape of ‘the Wedge Behind a Wail —Apparently, Mr. Parsons 


heten that the theoretical wedge behind a retaining wall is bounded by a a true : 
plane. The writer understands tl that the existence of such a true plane was = 


merely an assumption on the part of Coulomb, and ‘that exact computations | 
reveal that the wedge in question is slightly « curved, even in the case of quite 4 


cohesionless sand Such ‘computations were "made, for instance, by 


Reissner™ and Th. Vv. Karman.” Complicated mathemetin (omitted herein) 
led the latter investigator | to ‘tie conclusion illustrated in Fig. 14(b) (for o 
» 
30°). - Obviously, such a small difference may be neglected. _ Besides these 


strictly exact solutions, there are many approximate theories of curved ‘shear- 


ing surfaces i in dry sand, without mentioning those dealing with cohesive soils, 


Careful exper iments were made by F. Takabey: a, who- cused dry sand for this 


‘purpose obtained shearing ‘surfaces behind a ‘retaining wall were 
true planes, perhaps slightly curved at the bottom. Professor  Takabeya also 


made very interesting experiments using moist sand. 


t  4%“Tateral Earth Pressure,” by Jacob Feld, Assoc. M. Am. Soc. C. E., Transactions, = 

Am. Soe. C. E., Vol. LXXXVI (1923), p. 1448 et seq. Soll 

9 “7am Brddruckproblem,’ von H. Reissner, Sitzungsberichte der Berliner Math. Ges., 

Ueber elastische Grenzustiinde,”’ von, Th. v. Karman, Proceedings, Second Inter- 

tational Congress of Applied Mechanics, 1926, pp. 23 to 32. 
Investigations on Surface of in by F. Takabeya, 

wae” Faculty of Eng., Hokkaido Imperial Univ., Vol. No. 2, October, 1932, pp. 65 


> 


| 
a 
— 
— 
= 
| 
= 
— 
aa 
— 
3 
— 
Bes 
a. 
Beis 
— 


_ TERZAGHI ON SOME SOIL PRESSURE TESTS Discussions 


HARLE: M. Am. Soc. (by letter)**. —The essential results 

of of Mr. Pocein tests are assembled in Table 4 the most important being the 
tan® (45 — and of 4 Nos. 5 and 6, Table 4). The values 


x of the lateral pressure of as back-fill and the lateral pr pressure > exerted ape a 
liquid, the unit weight of which, s, is equal to that of the back- fill. For 
Oe saturated back- fill the value, H, is } equal to 0 the difference between the meas- 


ured lateral pressure and full water pressure, and the unit weight, 
= equal to the unit weight of the dry back-fill reduced by the full hydrostatic 
uplift. In the following discussion, tan’ (45 4 ¢) will be denoted by ke 
At first, Items Nos. . 5 and 6, Table 4, are startling 

lateral pressure of the ‘drained back- fill was more than twice as great 


as that exerted by the ary fill; yet, in the light | of previous experience, they 


are exactly what one should expect to obtain from experiments ‘performed 


Tn | 1920, in his first paper on earth- “pressure t tests," the writer "called atten- 


“tion to the fact that the value of the lateral pressure coefficient, k, depends not 


; - only on the value of the coefficient of internal friction but, also, to a very im- 

portant extent, on the distance, L through which the wall is allowed to yield 
pportunity to verify his 


clusions on a scale, by means the earth- pressure apparatus at the 
_ Massachusetts Institute of Technology, i in Cambridge, Mass.’ “ This apparatus 
was | , constructed so that the model retaining wall can be co nsidered perfectly 
rigid, and its movements are measured by means of Ames dials with direct 
of 0.0001 in. Results of tests on this apparatus have been published 
_ elsewhere.” ‘Fig. 15 represents a brief abstract of all those. test results ‘ob- 
tained with dry sand, which have a direct bearing on the topic of the dis- 
cussion. The abscissas indicate the. average ‘distance through which the wall 
yielded (actual ag in millimeters, and distance expressed as a fraction 


and the ordinates, the “pressure 


tio, ky of the 


ovement of the wall and the ‘dotted line to a Re mts movement of the 
=a wil toward the fill. During this second part of the process, a ‘movement of 


the wall through | an average distance of 0.5 mm was sufficient to increase the 
value of k from 0. 12 to 0. 80! 


‘Fig. 16 represents the result It of a test during which the back: fill of ‘the 


 WVatues of 


equal to 7.0 ft. “The light solid lines the 1 relation k for 
the drained condition and the light broken’ ‘lines for the ‘saturated condi- 


Ing.; Prof., Technische Hochschule, Vienna, Austria. 

8 “Old Earth Pressure Theories and New Test Results, ” by Charles s Terzaghi | M. An. 

Boe, C. E., Engineering News-Record, September 30, 1920. 


Record Earth Pressure | Machine,’ by Charles Terzaghi, M. Am, Soc. C. E,, 


Eng ugineering News- Record, September 9, 193: 2. te, 


25 News-Record, February 1, 1934, Pp. 136, particularly Figs. 2and6. 
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TERZAGHI ON SOME SOIL PRESSURE TESTS : 


tion. The heavy vertical lines represent the change in of k while the 
wall remained stationary. Thus, for instance, at Condition d, Fig. 16 (a), 
the value of k was 0.133 and the angle of wall friction, 3, was 30° 10. Righteen 


jitw wht 
f 
ty 


hours later (see Point e, ‘Fig. 1 6 (a)), the value, k, had increased to 0.184, 


and the angle, 8, had decreased to 22 °, while the wall had not changed its 
position. When the water was as admitted into the fill, & assumed a still greater _ 
Fill Dry or Drained 


Fill Completely Saturated 


25% 
fit 


of 


ra. 


Vatues 
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. Wall Movement in Millimeters 
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TERZAGHI ON SOME SOIL PRESSURE TESTS Discussions 


value of 0.225 (Point f, Fig. 16 (a)), which, during the following 21 hr in- 
creased to 0. 254 (Point g). Subsequent an insignificant 

increase of the value of k from 0. 254 to 0. 258. 
16 shows that the p process of saturation invariably caused a slight 
increase in the value o of while according to Mr. Parsons’ Table 4 saturation 
of the back-fill caused 9 an important decrease ¢ of k. On the other hand, drain- S 
age at t Point g, Fig. . 16, had no influence on the value of ky while the back-fill 


drainage i in Mr. tests k to rise to almost four times its original 
r Knowing the by Fig. 16,” there can be no doubt as to the 
cause of the facts -Tevealed in Table 4 (Items Nos. 5 and 6). The tests by 
aa 7 Mr ‘Parsons and by the writer were made with practically identical mater stale | 


writer’ — between the sa nd and in Fig 16, the by Mr. 


“exhibited the the striking a anomalies previously mentioned. Therefore, the ¢ cause 


-paratus. _ When comparing the two devices 1] the following differences are nauk 


‘The wi writer’s model retaining wall was made of a 5-in. reinforced concrete 
lining, stiffened by extra heavy | 24-in. |-beams. It weighed 13 tons, while the 


bulkhead descrik 2d by Mr. Parsons consisted of 2-in. planks, bearing against 


a framework of wooden stiffeners and could certainly be lifted by two men. 
: Furthermore, the width of Mr. Parsons’ bin was only 5 ft as against a iran ’ 


Hence, “Mr. Parsons’ bulkhe ad was flexible if. compared with | 
writer’ s model retaining wall. The relatively small width of of Mr. ‘Parsons? bin 5 
- still further helped to increase the effect of the deflections of the wall on the 7 

value of the lateral pressure | coefficient, &, because in a narrow bin a slight | > 


~ lateral expansion of the fill not only mobilizes ; the internal ‘friction of the fill, 
_ but also the friction between the fill and the wall. - Considering, i in addition, 


the facts represented in Fig. 16, it is easy to visualize the causes of Mr. 


Parsons’ startling results, 


Let H (= 24658 Ib) be the horizontal pressure exerted by the dry -sand 
back-fill; A, (= 7691 Ib), the horizontal pressure of the saturated s sand back: 
ie ‘fill, with water pressure included; H, (= 5052 Ib), the horizontal p: pressure of 


the drained sand d back- fill; 2, the average deflection of the bulkhead under the 


ss 


influence of the horizontal force, H: and, |, = and = the aver di 


‘age deflections of the bulkhead the influence ce of a lateral pressure, A; 
values, x, and a, are supposed to represent the deflections: of the 


with reference to the plane through the points of A, B, and fr 


om, Bngincoring 3 


= 
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ews-Record, February 1, 1934, p. 136. = 
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values, x, increase in simple proportion with the intensity of the lateral pres- 
sure. Fora quantitative study of the phenomena it would also be anne 
to ‘consider, i in addition, the movements of the | points of support. Infraynnn oth. 
5 Since H, is greater than H, saturation caused an increase of the deflection 
if of the wall and a corresponding | decrease of k. On the other | hand, due to H, | 
being smaller than H,, ‘drainage’ caused the bulkhead to press back again: 
— the fill, which produced a substantial increase of the value of k. The 
_ curves in Fig. 17 are the values of k = tan® (45 — 4 we from m Table 4 plotted 


against: the deflections, of the wall. 


Gravel 


Knowing the importance of the effect of Ww all movements, the writer in- 


_ sisted on providing the aforementioned apparatus with a practically ‘rigid wall 


in spite of the expense involved. — The braces and stiffeners of this wall were 
- computed in such a way as to make certain that ‘their deflections would have 


practically no effect on the intensity y of the lateral p pressure. The computation 


was based on the : results of previous experiments. ‘Unfortunately, Mr. Parson’s — 
“tie does not ‘contain the exact dimensions and the | spacing of the bulkhead — 


_ stiffeners required for determining the values of z in Fig. 17. - For obtaining 


“reliable data concerning this subject the writer suggests that the ‘movements _ 
of Mr. Parsons’ bulkhead be measured by means of Ames dials and that the 


deflections of its various structural members under the influence of water 
"pressure, re, and, if possible, of the lateral pressure of dry sand- -fill, be deter- 
mined nin & rough | estimate based on the results of | measuring the 


& dimensions of the members of Mr. Parsons’ retaining wall as contained in his Be. 


diagrams, indicates a good agreement between the results of his tests and 


‘those of Technology represented by 


Mr. Parsons’ test "arrangement Measuring» the coefficient, of internal 


friction must have been somewhat inadequate, since he obtained | coefficients of 
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ON SOME SOIL PRESSURE Discussions: 


of. the wall leads: | a kind of reversible s state, in which ‘ea 


“a 
to the extreme of the wall 


7 


T als 


| 
or 


n 


2 


a 


in 


~ 


apparatus demo! nternal fric 
—  gaturated sands is either equal to, or a trifle smaller than, the angl . oO 
— 
— 
ia 
| 
a 
' 
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why: 
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AMERICAN SOCIETY OF CIVIL ‘ENGINEERS. 


PRACTICAL 1 RIVER R LABORATORY HYDRAULICS re 


AND CHARLES D. “CURRAN 


~ +) + 


valuable paper the author covers, quite completely, the theory and practice ” 
river laboratory hy ydraulics: For a model and the prototyp pe to be hydrauli- 


¥ } cally similar ‘it is theoretically necessary that they have geometrical, kinetic, 


and dynamic ‘similitude. However, when a river model is designed, ‘the ¢ eross- 
ik 
section is u usually distorted. and, referring to the last two mentioned 


tions, the author states: “For all practical purposes, dynamic and kinematic 


_ similitude e: exists ; when the flow of water in the “model i is of the same character 


‘The question now arises as to how to judge when the flow in ‘the aiid’ is 


of the same character as that in Nature. © The best and, perhaps, the only 


practical criterion is whether the char. one of transportation is the same for 
“the e same silt in both channels. | If the prototype and model meet these require-— 


3 ments, ts, their flow ¥ will have the same character and ‘there will be hydraulic 


study of the phenomena of silting leads to ‘two inevitable 
“First, the ‘prototype and the model must have the same kinetic flow. factor: 
and, second, their discharges should be in proportion to the hydraulic radius, _ 
cubed. As will be shown, subsequently, the first: condition provides the —_ 


‘turbulence of water, and the second, determines the precise distortion of the 


_K inetic Flow Factor. —This important t idea wa was introduced b by B KI] 
M. Am. Soc. C. E.” connection. with his ‘ ‘specific energy of flow” 


- 
_ Nore.—The paper by Herbert D. Vogel, Assoc. M. Am. Soc. C. E., was published in 
‘November, 1933, Proceedings. Discussion on this paper has appeared in Proceedings, as 
follows: ‘Februa , 1934, by Messrs. Lorenz G. Straub, Paul W. Thompson, Ralph W. 
Powell. K. D. Nichols, and Frank W. Edwards; and March, 1934, by Messrs. I. H. oe 
Charles S. Bennett, and Kenneth C. Reynolds. OF 
Received by the Secretary February 16, 1934. 
{4 of Open ’ by Boris A. Bakhmeteff, p >. 64. 
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TCHIKOFF ON L ABORATORY HYDRAULICS Discussions 
1202 “A 
in is s the average (energy per unit weight of liquid). 
* referred to the bottom of the ca canal cross-section; and ae is the kinetic flow” 
factor, a a dimensionless number which is equal to: 
j 


ee 


or twice the ratio of ‘the kinetic « energy head to the potentiol energy head. — 


which is no more than ‘the author’s Equation (2), Froude’s derived 
from the formula for velocity of a | body falling : freely under the influence of 
gravity. Ita applies also in the « case of a channel of indefinite 

Fluid friction, however, 
channel and most of the formulas for alten flow in channels ond pipes are 
connected. with the hydraulic radius. Therefore, if one refers the energy 


to the instead of to. the bottom of cross- section as as. 


is a factor of turbulence, of flow; 
hydraulic underst anding of the liquid flow, ‘this is twice ratio of 
velocity I head to the hydraulic radius. Io odt Jo oT 
.* If a curve of de: is constructed as a function « of the scitniaiiin, radius, R, it 
will b be similar to that of Equation (70), with D substituted for the hydraulic 
radius, R. The first derivative of Kquation (72) will give the critical oa 
- conditions depe nding on the form of the cross-section. In the case of a channel — 
indefinite width when B= BD, it is not t difficult te to a obtain the 


4 


— . = 
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i 
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— 
— 
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Similar to Equation (71) the val 
— 


The correctness of Equation (7) and the ¢ general ingorrectness of Equa- 
prrens (71) is proved by practical data on non-s silting channels. 
has been studied thoroughly by engineers in British India ay tus equation 


for the critical non- -silting velocity, 
passed through the evolution illustrated by 


ABLE OF AND Nov- ‘Scone Ver OCITY, 


| Upper Barr | Lower Cuenan | Mapras Gopavert 


| Western DELTA 


1.13 
1.1 | 0.50 | 1.13 


One of the most recent students of this problem i is Gerald Lacey” and his — 
fo rmulas: (see Item No. 5, Table 7) are now generally adopted. Mr. Lacey’s: 
uation completely | coincides with the writer’s ‘Equation (15) developed from 
_ theoretical considerations. Item No. 6, Table 7, , contains the comparable ele- 
| mente of. the, writer’s formulas for the three canals mentioned, calculated on _ 
the basis of mean value of the kinetic factor. For the three canals, Vs equals" 
15%, 3. 98%, and 2. 04%, respectively. The s data yield a quantitative: 
xpression of. kineticity of flow (that is, turbulence) and, of course, are directly - 
“ related to the size of the silt particles, ' Thus, to secure hydraulic si similitude, 
_ the sa same kinetic factor in the r model | and prototype is the first prerequisite. 
iv ydraulic Similitude—There are many channels, however, with the same 
_ kinetic factor. ‘It is easy to fulfill this condition i in designing the model, but 
- this i is not sufficient to obtain the definite dimension of a channel. A second 
_ eandition i is that the discharges in the prototype and: model must be i in pro- 
portion to their hydraulic radius, cubed. reason for this is again 
necessity of preserving th the same character of silt transportation. aks: “i... 


discharge | of water is represented geon geometrically by a solid with a 


The area, A,m may be represented as, sy ben 


A=x = PR = bts 
: 
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% “Stable Channels in Alluvium,” by Gerald Lacey, Minutes of Proceedings, Inst. C. E., wa 


iin which, y = ag depends: on the shape of the cros s-se ection; and the rela 


the areas: are geometrically similar, y will equal 4 and the discharges 


—— be in proportion to R**. This condition occurs in designing | non-distorted | 


hydraulic models of channels. In this case, it is” necessary to change the 


‘Thus, keeping the similitude of cross- sections, the relationship of the dis- 
charge will be as R**, which means that the e discharges represented as as volumes — 


eS not geometrically similar. In order that they may be similar, even if only 
hydraulically, it is necessary that they be comparable in relation to the hy- 
in view of Equation (15): 
ea In other words, the ‘discharges vary as the sixth power of velocity. ‘This 7 
may be considered as a well-established law for turbulent flow, as was pointed ag 
by Mr. Lacey” in reducing the same_ formula, although by a different 
method. ~ Comparing Equations (78) and (79), it is found that the relation _ i 
a 5 coefficient, y, to t the square root of the hydraulic radius must b be a pall “4°. 
This shows that, in order to have of ‘discharges, it 
‘necessary to distort the cross-section of the channel, that coefficient, 
‘according to o the velocity. 4 The necessity of this relationship 
The discharges’ for the channels of ‘the ‘same hydraulic similitude can be 


the rela of Q as a of R, ning data the 


three non-silting canals given by Lacey, the result is: Q = 6.93 il sl 


i 
| 
— 
4 
ie 
a 
— 
— 
Ye 
=i 
iL. 


cw 
Doab); = = 9, 45 145 (Lower Chenab) ; and = 4.77 Goda- 


Thus, in order to preserve the character of flow in the model, or 


‘da same transportation characteristics, it is necessary to fulfill both condi- 
tions, namely, the same constant kinetic factor and the relationship of dis- 


= as R*. . This will give definite data for designing the model which 


Viscosity—The smaller the ‘model the more important is viscosity, 
- second fic flow factor. — E ntirely similar to the kinetic 1 factor it is advisable te 


introduce the 1 viscosity factor of flow. which, ‘according to Poiseulle’s law, is: 


which, Ui is the viscosity factor and the coeflicient of kinematic viscosit 
2 Comparing Equations | (73) and (83), it is clear that i in the model it is ‘impo 7 


sible to keep both factors. _ The preservation of the kinetic flow factor is > 
hg a) 
possible | to a certain size of model when viscosity “must be “considered. 


ite 
this number is is obtained by dividing one » by the other: 


he) 
This and of number, numerical 


| a Manning’s Exponent.—The writer would also like to make ‘some remarks 
about the variation of Manning’s ‘exponent of 4. That this: exponent is 
4 constant, varying with the nature of the soil of the channel, i is a well- Lestab- + 


ited 


lished fact. This has no  partictlar importance in the use of Manning’ 8 formula 
for normal practical eonditions when the hydraulic radius is, say, between 


a 0.8 ft and 10. 0 7. . 4 However, in designing the model of a river the bicelles of 
the hydraulic radius i is much greater. To find the relationship of Manning’s 


_ exponent to N, the coefficient of roughness, the writer constructed the value — 
Chezy’ s as function of R for various Kutter and found that, 


is following formula rep resents this relation: | 

§ in which, z is Manning’s exponent. 


‘For Kutter's N= 0.010, one z= 0.11 (about 4) and 
0.29 (about This shows considerable variation in 
‘the usual = 0.167. The last value of z corre 
“sponds with N= = 0.0194, when a only Manning’ 8 exponent is ¢ correct. Therefore, “ 
in developing relations for the model while using Manning’s formula, ‘Equa- 


tion (85) must be taken. 1 into consideration. oh 


_ Some comparisons can be made « of the > author’s and writer’s formulas in 
‘reference | to exponential dimensions, Equatio (74) is similar to the author’s 
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_Equation (10) is ‘based 


Rive (85) ‘will be equai to 0.272 instead of 0.167. the 
general exponent, 2.67, in Equation (10), i is corrected, it samrveate 2. TT as com- 


pared with 3.00 in the writer's Equation (82). 

Suunirs,” Jux. Am. Soc. ( (by letter)” *—Equation (10) of 
ha this instructive paper is a special case of a more general law for the discharge 


of Consider the well-known formula for the loss of 


in edits: is a coefficient a friction, and ‘the other symbols are as defined in 


ok ‘paper. This form of. equation is highly desirable because of the non- 


dimensional: coefficie ent, can, and should, be adapted for open- channel, 
eae flow. - This can be accomplished | easily by inserting the hydraulic radius, 
a R, last DT he fact that D st R is knowingly disregarded » because i it would - 


necessitate te the inclusion of the. numeral, 4. Equation (86), rewritten, 


2 = ! 


2G. 
that the term, nothing more than the Chezy roughness 


the 


2 
y number is = 26 
hi is important to note that the use of coeffici 
practice in E urope, especially i in hydraulic Tf Equation (87) is 


a used. instead of the discharge ‘scale 


the same as. in original paper, it is s found, finally, ‘that, 


1. 436 , the relation between Ni is: Ay, 


_ “Geometric versus “Hydraulic Similitude,” ” by Herbert D. M. in. Boe. 
. E., Civil Engineering, August, 1932. 


U. S. Bureau Reclamation, Denver, Colo: 
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1 (90) in (89) yields the euthor” 


‘Manning, : a very complex | equation, indeed, would have been obtained ” the re, gp 


— a 


“using the flow formula , and f for models and 


Am more rational method now in use in many iii consists in ain 


ide 


_leeting values of 2m, the non-dimensional coefficient of roughness, for the 


* R 


various surfaces ‘and types of models encountered in the laboratory during its 
operation, and plotting these values against Reynolds’ number. ‘Sometimes 
over- ‘bank roughness ¢ caused by trees during floods i is § simulated i in the model mt 
by means of pebbles. a Values of Am ec comp uted from such models with dif- 
ferent values of R would facilitate greatly the determination of the discharge ‘ 
scale for future models, , since roughness coefficients - for such conditions are > 
not to be found in any engineering tables. Equation (88). or Equation (89) 
is used for this purpose. ‘It is desirable, of course, , that the ratio of Am to An 


be as close to 1 as Ay and table on scales 
ai 


old | be with's some care. To the inconven 


number with its string of zeroes, Krey known to- as 


Krey number, VDp, in which, , is a modified of the kinematic 
viscosity, K; that is, p =- in the metric The value of p is chosen 

so that at a mean emiaciniiiaas need 13. 2° C, * has a a Le but at 5° C, it 

0.79, and at 25° °C it is 1.32 sec. per sq m. Consequently, if the value of VD 


was determined at ‘the higher. temperature, the metric Krey 


number would be 1. 32 x 0.00186 sad 0.00245. 5. With water at a temperature of 4 ae 


41° F (5° ©), : as sometimes oceurs in the Denver Laboratory, V D would have 
to be as high as 0.00311 to yield the same Krey number. ‘This i is an increase o: of 


61% over the value in Equation (15) (in metric units, = VD > 0. 0.00186). 
Th 


e use of V ‘D alone a asa criter ion n probably would result i in nmin or sidaeeks. 


Mis 


 Bed-Load gives the for ‘the 
ted load scale, which will be be designated by B: 


oe “Theory of Flow in Open Channels,” by F. Eisner, Leipzig, 1982. = © — © 
““Grenzen der tbertragbarkeit der Versuchsergebnisse und Modellihnlichkeit 
braktischen Flussbauversuchen,”” fiir angewandte Mathematik und 


1925, Vol. 5, No. 6, p. 484 ; matey 
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of the tractive force, , F, i in ‘Equation (13). Lieut. Vogel has made 
addition 1 to the rather meager literature on subject. 

Cuartes D. Curran,® Jun. Am. Soc. (by letter)™*, —Doubtless, this 

is the most complete treatise on the subject of river laboratory hydraulics 

in recent years. gives concisely those tenets of earlier research 

still followed and presents clearly the latest developments in the science as. 
to-day in the United States, and especially at S. Waterways 
‘git Since this art ‘is relatively young in this country ‘those interested in it~ 
will have widely ‘Tanging opinions of what problems have e been s solved ade- 
as “quately : and what problems are in urgent 1t need of solution. It must first be re re- 
_ membered that the practice of river laboratory hydraulics has a dual goal; a) 

‘The prompt, _ accurate, ‘the 4 


is confronted with a problem that calls for immediate solution. Therefore, 
4 the laboratory solving the problem 1 must work as expeditiously as possible to 
give him the best answer it can in time for him to use it. _ The principles ofr repro- : 

ap orn are followed and a laboratory representation of the river or harbor in 
question is constructed. Because of the impossibility of exact undistorted 
Dire scans of every dimension and every force, a true model cannot be built 
and truly quantitative results cannot be obtained. _ The writer was pleasantly 
prions to learn™ that experiments s of the U. S. Waterways Experiment 
tion have given accurate quantitative e results in the solution of some river 

problems. ever, he believes that, as yet, answers found must be presented 
by laboratory workers as qualitative and, likewise, must be accepted by field 
- workers as qualitative. Neither must expect that laboratory experiments will: 
show that ‘such and such’ an island will be ‘scoured | away 50 2 years 
and months if certain: dikes are constructed. ‘An experiment show 
rather that with such construction the island will recede, stay fixed, | or 
advance in a short time or a long time. The attempt to learn of conditions — 
that will exist in the year 2000 in the Rangoon River Delta” is probably, 
ting too much from a study of a laboratory model, and surely problems © 

“being studied | in a limited time should not be expected to be ‘so precisely 

‘more laws are more exactly known and when. unlimited time 
may be ‘spent in model om om perhaps o one | can expect answers that are 


in hand with ractical solution of river problems must go work 
5 


, on the problems of determining various hydraulic laws. Among such latter | 
Lieut., Corps of Engs., U. S. Army, Fort 
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is that, ‘met in movable bed ‘models, of tractive force bed 
load. — Work on this” problem is being undertaken at many laboratories. 
"Equation (13) is a simple solution of this problem. Its veracity has been 
proved in German experiments. However, as the author states, it is based 
on the assumption that the bottom slope is parallel to the surface slope. 
Furthermore, Lieut. Vogel ‘states: that ‘this ‘assumption not absolutely. 
Presumably this will m make ‘only a negligible difference in average . 
reaches of river at normal stages. However, ina rising river, as a flood 
approaches, surface slope increases; and as the flood recedes, ‘surface slope 
decreases. It is true that « depth varies ] likewise. However, bottom slope d does_ 
not necessarily r remain parallel to surface slope. Does the du Boys formula 
(Equation (13)) then hold true? It is possible to find a stretch of river, 
practically unvarying i in bottom ‘slope, which, at different seasons, wil have 
When surface slope is parallel to bottom slope it can be seen from con- 
sideration of the Chezy formula and Equation (13) that Fa Does: 
relationship hold true in a rising and i in a falling stream? we 
Kennedy’s” ag sxperiments give evidence of a kind that indicates | 
y’s” exp give ence ( 
“variation. stated that power of suspension varied a s theoretically 
“yet 
he ‘donsidered all material “moved by stream as in ‘suspension, it 
_ may well have been that because Fe« V* the combining of bed- load material — 
with: suspended “material g gave him the exponent of 2.56. At present, the 
“writer is inclined t to give credence to du Boys’ equation. However, 
is not yet willing to disregard entirely Gilbert’s” work and other works 
tractive force varying as high as the sixth power of velocity. From 


Lieut. Vogel’s aper i it may be judged ise the du Boys and Kramer formulas | ; 


Minutes of Proceedings, Inst. C. B., Vol. 119, p. 281.0 
a Professional Paper No. 86, U. 8. Geological Survey, 1914. prvanienett 
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MODIFYING THE _PHYSIOGRAPHICAL BALANCE 


By MESSRS. FRANK E E BONNER, AND C. S. JARVIS 


E. Bonner,” M. ‘fen. E. (by letter)™.- —An excellent review 


of problems involved in water- r-shed ‘development and control is presented in 
this paper. _ Although: relating primarily to the special conditions of the arid 
Southwest, some features have: more or less general application. The meagerness 


q of data bearing on the rates of débris. production has been pointed ‘out by the 
~ author. It is | is unfortunate that published information on the subject i is so frag- 


| 


ei. 


| 


4 


_ mentary in | character. “In an endeavor to provide a basis. for general esti- 


mates, the writer thay been. compiling, | for some time, such records as have 


been made available for representative drainage basins of the United States. 
The results thus far are presented in Table 3, which has been ‘compiled from 
_ information supplied by the Department of Agriculture,” the U. 
Engineer Corps, 8. Geological Survey,” American Society of of Civil 
Engineers,” Engineering News- Record U.S. Service,” the late 
J. Wiley M. Am. Soc. C. E.,” and Meikle, M. Am. Soe. 
Wide is evident, but. the unit. values exhibit reasonable consistency 
the different climatical a and surface geological factors which constitute 


Some ‘uncertainty is in the of the results of the 
os _ various 18 investigations because of ‘different methods adopted for silt measure- 


ments. Many have used the | dry- weight basis, while others have recorded 


— 


4 oF 


4 


--_ Nore.—The paper by A. L. Sonderegger, M. Am. Soc. C. E., was published in Decem- 
ber, 1933, . Proceedings. - Discussion on this paper has appeared in Proceedings, as follows: 
Mareh, 1934, by Messrs. H. H. Chapman, and E. B. Debler, 


Received by the Secretary 13, 1934. 
Technical Bulletins Nos. 1430, 382, and 
; 1% Water Supply Papers 274 and 617, and Professional Paper No. 1095. peo 
Am. Soe. and | Vol. 9 95 5 (1931). 


Rept., 1922, p. 20. 
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TABLE 3.—Siur Loan or REPRESENTATIVE Streams 


Measuring area, in} run-off, |record, t | cent- | Acre- | Tons 
miles acre-feet | years | Acre- ‘ons uare— 
Hudson River... .... Peekskill, N. Y...... 13 366 |15 000 000)...... | 240 000 0097 
Susquehanna River...| Danville, Pa........ 9 530 |10 000 240 150 0013/0 
Sour ATLANTIC BastNS q 
( Savannah River...... Augusta, 7 294 | 7 700 000...... 0.014 {0.150 | 278]] 
Yadkin River. . Salisbury, N.C..... 3 400 | 3 600 000)......}....... 925 000) 0.014 |0.147]| 272 
Upper Mississippi Minneapolis, Minn. .| 19 585 | 3 600 000 117 000} 0.0017)0. ||| 6 
Missouri River... Ruegg, Mo......... 528 700 176 000 000} 0.131 | 333, 
Tennessee River At mouth.......... 40 600 8 0. 
ew Kansas River. . ..| Lecompton, Kans. ..| 58 600 000 
Ww Arkansas River......| Little Rock, Ark... .|148 000 000 ; , 
sn North Fork, Red River] Hendrick, Gkla.....| 5 470 000 216 |0. 1584 
South Platte River. ..} Buckhorn Reservoir. 000] 18 | 31.4 ]........... 0.165 {0.242 | 
rid Cherry Creek........ Castlewood Reservoir] 7500) 43 | 42.6]........... 0.568 {0.258 | 477|| 4 
Horn River Fort Custer, Mont. .| 20 700 | 3 600 000} 1 7 000 000) 0.105 |0.183|| | 338 
Brazos River........ Waco, Tex.......... 28 500 | 1 629 000] 3 |....... 19 054 000{ 0.632 0.361) | 669 
mo) Colorado River(Texas)| Austin, Tex......... 38 000 | 1 827 000) 3 11 500) 9 000 000) 0.629 |0.303 | 237 
sti- Trinity River........ Lake Worth, Tex...| 1870].......... 11 | 1.000) 1 013 000)....... 0.535 542 
Medina River....... Medina Reservoir...| 587 |..........] 13 207] 135 250)....... 0.353 229 
Mexico...... 22 000 1 316 000) 31.4 | 1 430)...........] 0.452 |0.065 | 120] 
tes. Rio Grande Elephant Butte, Res-|  $$$®‘| |. 
28 360 | 1 200 000} 9 | 20 470)...........] 1.706 |0.722 |1 3364] 
ivil Upper Colorado River| Cisco, Utah......... 24 100 { 6 600 000]...... ..| 0.124 [0.339 
.....| Green River, Utah..| 40 600 | 5 650 000 iv} .| 0.120 |0.167 
late At mouth.......... 26 000 | 2 700 000)...... 1.074 |1.115 
ae Dome, Aris......... 52 340] 1 070 000)...... 1.495 |0.306 
1cy Salt River...........] Roosevelt Reservoir. 769 | 800 000| 20° 
Colorado River... . Yuma, Ariz......... 244 000 |16 200 000) 18 
the River....... Derby, Nev......... 900 000] 1 |....... 87 000] 0.005 {0.038 | 
Carson River........ Hazen, Nev.. 1700} 430000} 1 |....... 97 000| 0.012 |0.031| | 57 
ure- Owens River.. Round Valley, Calif. |  400| 210 0001 400] 0.003 [0.018 | 34 
 Stramento River....| Red Bluff, 9 260 200 000] 1.7 |.......] 1 360 000] 0.008 [0.079]| | 147 
Feather River....... Oroville, Calif... 3 625 | 4 800 000} 1.6]....... 000} 0.008 |0. 188 
Yuba River......... Smarteville, 1 042t] 2 240 000)..... 0.014 |0.297 
Stanislaus River... .. Melones, Calif. . 744t| 1 375 000 0.009 {0.168 3111] 
Tuolumne River... .. La Grange, Calif. 1 360 | 2 096 000) 13 =| 3i14)........... 0.015 |0.232 430 


= Creek..... Winters, Calif... . 420 000) 1 1.2 000] 0.036 |0.230]| | 426|| 


Columbia River...._. ‘the Dalles, Ore... 237 000 146 000 000) 0. 004 0 0266 49 


* Measured by deposit volume. + Exclusive of Salt River Basin tributary to Roovevelt Reservoir. — 
t Exclusive of area tributary to upper lakes and reservoirs. * § Exclusive of hydraulic mining debris. | 


> 
— 
4 
— 
b — 


BONNER on PHYSIOGRAPHIOAL Discussions 


determinations i in the less certain terms volume. ‘The weight-volume ratio 

varies | considerably because of the wide range of in alluvial deposits. Ta 
‘The variation is due no not only t to the size and grading of f the particles, depending £ 

2 the manner of deposition, but also on the degree of consolidation 
ing from exposure to the atmosphere. Coarse | débris, consisting of a mixture of 
boulders, gravel, sand, and silt, characteristic of the load laid down at the head - 
of débris cones of swift | ‘mountain streams, will have high density. 4 On the - | 
“2 other hand, fine particles o of sand or r silt carried long distances i in suspension - 
: and finally dropped in slowly mov ing water form relatively por porous deposits. iw 
Between these two extremes endless combinations are represented. | On ex | 

S meme to the atmosphere and loss of the moisture contant, deposits of finely = 
divided silt undergo substantial shrinkage of volume. V Visible evidence of this — Bl 
‘process of consolidation is found everywhere in the pattern of wide cracks | ab 

developed drying ‘mud-banks. ° Renewal of saturation fails to ‘produce the 
‘corresponding expansion. Tests show that the specific gravity of the solid 

‘material in alluvial deposits generally ranges from 2.6 to 2.1, depending 

largely on variation in the small proportion of organic material ordinarily Ca 
present. Obviously, the deviation of of specific gravity is too small to affect the 
a ‘The dry weight of material oolaily found in silt deposits ra ranges from the 

to 106 lb. per cu ft... This corresponds t to a re range in place (saturated) of 81 lar 
to 128 lb per cu ft. -Sometimes even these wide limits are exceeded. — Harold of | 
Conkling, M. Am. ‘Soe. C. E, reports: some coarse detrital material in San’ 
Gabriel Wash, California, with only 12% voids* which corresponds” toa Col 
weight of 1 144 lb per cu Orville A. F aris, Am. Soe. E. , found several pen 
‘samples from Lake Worth, ‘Texas, t to weigh only 18.7 to 22.6 lb. (dry weight) — pare 

per cu ft. On the basis of his comprehensive study of conditions in ' Texas, esti 

a Mr. Faris concluded ‘that the density of silt in that locality would be con- j of 1; 

trolled primarily by the degree of exposure, and he estimated” the average . 
ae weight per cubic foot of reservoir deposits, as fo follows: (a) 30 lb when San 

continuously submerged ; 70 Ib in reservoirs emptied occasionally; and load 

90 Ib in reservoirs standing empty most. of the time. Bur 
result” of their detailed investigation of the Colorado River silt 


problem: the late Beetier,: M. Am. Soe. C. E., and Harry F. 
Assoc. M. Am. Soe. O. E., concluded* that 85 Ib per cu ft would represent | a 
fair average for the combination of suspended and bed-load sediment deposited — 


ina reservoir near the lower end of the Canyon” Section of the river. — a 


“From the foregoing it will be apparent that selection o' of a value to represent 
al "average conditions is subject to no small degree of conjecture. _ Considering, 

however, that most deposits occur along river channels and in storage reser- 
with _ fluctuating level it is believed that 85 |b per cu ft offers a fair 
Bas. and this ratio has been adopted for | eonversion in those cases listed 


- in Table 3 where the investigations failed to establish a a relation between the 


Bulletin No. 7, Div. of Water Resources, p. 44. 


Loe. cit., No. 8. of Agriculture, 72. 
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weight and volume of the ultimate | deposit. Accumulations of the coarse 


ys 
débris 8 carried by mountain streams will be heavier on the average, while the 


fine silt deposited in lakes, bays, and reservoirs with constant level will be 


Sea Some of the determinations recorded in 1 Table 3 are derived from measure- 


ment of accumulations in reservoirs over long periods, while | others are 


based on systematic sampling and calculation of the amount of s solids carried 
in 1 suspension | at different river stages. In connection with the latter there 
7 is no feasible method of measuring the bed load which in certain situations is 
_§ known to be a substantial fraction of the total load. Messrs, ‘Fortier and — 
y | Blaney estimated” the bed load of the Colorado River 2 at Yuma, Ariz., to be 
4 about 20% of the total load. Mr. Faris cites” a similar estimate relating to 
the Rio Grande and an estimate that bg bed load of the Mississippi River 
amounts to 11% of the suspended load. Determinations relating. to the move 
ment of coarse débris from the ‘mountain water-sheds of the Sierra Nevada, in 


hod might be assumed , therefore, that r reservoir measurement would nage 
more accurate appraisal than river sampling. This will depend, however, on 
the effectiveness of the reservoir as a desilting agency which , in turn, depends” 
largely 0: on the relation between the dimensions of the reservoir and the a 
of the tributary water-s shed. Mr. Faris shows” that the average: annual silt 
accumulation (20- -year period) in the small ‘Lake | Austin Reservoir, on the _ 
Colorado River of Texas, amounted to less than o one-fourth the average sus- 
pended load of the stream. In that case, the reservoir capacity was com-— 
paratively small in proportion to the area of ‘the drainage basin: above. _ That 
estimates by river sampling provide reliabie indices to the probable siltation 
of large reservoirs is well demonstrated by the work of the late W. W. Follett, 
M. Am. Soc. C. E., on the Rio Grande. On the basis of stream sampling + at 
San Marcial, from 1905 to 1912, he estimated the average annual suspended . 


load of the river at 19 739 acre- -ft,* whereas measurement by the U. Ss. 


Bureau of Reclamation of the siltation of Elephant Butte Reservoir from 1916 
to 1925 indicates an aren bre annual accumulation of 20 470 acre- __ eres 


avws 


Comparison of ‘the values it in Column (10), Table 3, show plainly the 


regional variations of soil erosion. It is least active, in the permeable soils 
of the northern part of the United States and reaches a maximum on the soft 


fndstone and fri friable shale formations of th the arid Southwest. In the Rio- 7 
Grande and Lower Colorado Basins the removal of material progresses at an 5" 


annual rate in ‘excess: of 1000 tons per sq mile and over certain areas it is 

evident that the rates are much higher. As may be observed from the tabula-— ce 

tion, investigations show an average of about 1600 tons per sq mile for the ii 


Salt River and Zuni River -water- ‘sheds. Herman ‘Stabler, M. Am. Soe. 


Technical Bulletin No, S. Dept. of “Agriculture, Furey 
Loc. cit., No. Dept. of 
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BONNER ON IN PHYSIOGRAPHICAL ‘BALANCE 


me 5, estimates an average annual removal of 3000 tons per sq mile from - 


the barren desert ‘Tegion of sq miles drained by the San Juan and 

are exceeded only by 

where hydraulic 


mining of gravel was practiced extensively. Although this for m 
of gold ‘mining w was brought to a sudden halt by Federal Court decree in 1884 
the rivers of that section are still struggling to rid themselves of the enormous 
load of alluvial débris dumped into the channels during the thirty years 
ba previous. The hydraulic mining operations w were carried out extensively on all 
4 the streams from Feather River south to Tuolumne River, but the greatest 
activity oe centered i in the Yuba Basin, where « a total of about 700 000 000 cu yd 
of material, or nearly one-half the total for the « entire region, was dislodged. 

‘This great disturbance of f natural conditions. and t the progressive ‘movement 
_ of the huge load of detritus down the 2 river channels to eventual deposit in n the 
_— tidal bays, supplied a most unusual. “opportunity for observation and study of 
river hydraulics i in relation to  débris transportation, | but the results are beyond 

< the bounds of the present discussion, except for certain features. . . hrough the 
notable investigation by I Dr. G. K. Gilbert® it was demonstrated that “the apex 

7, of the débris flood, leaving the mines in 1883, passed the mouth of the 
canyon in about the year 1900 and the mouth of the Yuba River in about 
1905.” Dr. Gilbert’s ‘comprehensive 1 measurements showed that the detrital 


load carried past the mouth of the ¢ canyon in 1905 amounted to 7 200 cdl eu yd. 


to. 1042, sq miles, thus, the 1905 load 85 Ib per cu was 
Benccsun way to 7 930 tons per sq mile. — Recent | investigations by the writer in 

= connection with ] plans for a dam in the Lower Yuba Canyon indicate that 
4 the normal of the river now (1934) to approximately 
1700000 cu yd, or about 1870 ll per sq 1 mile. ‘Natural ‘erosion accounts 

for 80% of the total, the remainder ‘coming from the diminishing 
"remnants of the old mining deposits scattered throughout the water-shed. 

- Comparison of the heavy detrital load -earried from the ‘Sierra Nevads 

ning water- sheds with the débris produced by natural erosion elsewhere 

‘serves to emphasize the possible acceleration of surface degradation through 
violent disturbance of the natural processes by human agencies. Of: course, 

the hydraulic mining areas offer a highly exaggerated illustration, , since no 
apes: possible activity by man could result in comparable ‘removal of surface 

_ material. “, Under certain | conditions agricultural activities contribute measur- 

ably to soil waste. ‘Farming on comparatively | level land or on coarse , permeable 

soils probably has but little influence; but instances have been cited of exces: 

sive erosion from cultivation | of light soils on moderate slopes. — On the other 

hand, some 1e farming operations may serve to build up the soil. _ This is true 


of f irrigation enterprises in which the sediment of t the diverted waters is ¢ car- 


Civil Engineering, September, 1932, p. 542. 
Professional Paper ‘No. 105, U. 8. Geological 1917. 
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ried through the canals and deposited on the fields. In ‘California, 
- example, it is estimated that total soil accretion through | irrigation exceeds. 
erosion losses from all the unirrigated land in cultivation. sth 
_ Native vegetation constitutes an important control on erosion and its de- ; 
struction naturally inereases- normal | rate. of. “soil removal. Various 
- destructive agencies arise from human activity. ie Smelter fumes have destroyed 
the 5 vegetation of certain areas: in Tennessee, California, and Montana, with 
consequent increase of erosion. Fires and over-grazing dre also destructive 


i in some localities. . The latter i is probably more serious from an erosion stand- 
since the effect is likely to be m more. and 


st scars tert by 

d 

4, to torrential new w growth is well started. occurrences 

are infrequent and mainly o of ‘local significance. The construction of i improve-_ 

“ments, such as railroads, “canals, highways, ete., serve to increase erosion 

of along their course, but the regional result i ‘is relatively slight. Th the broad 

id view, human activity can have but little effect either to accelerate or to 

“ retard the slow but inevitable weathering of the earth’s surface. 

Depletion of reservoir storage capacity through ‘siltation comprises one of 

w ‘the ‘effects of surface erosion that in some cases may be e of economic impor- ' 

at tance. ‘Instances | have occurred in which small “reservoirs were rapidly filled 

tal with silt and — their usefulness. — Even i in n the case of some larger reservoirs, . 

yd, 


sh ‘storage capacity, and thus it is obvious that original designs that fail 
to take into consideration and provide for the. progressive silt accumulation 
are defective. _ It is not difficult for the engineer to estimate the “effects of 
ilting within | _ reasonable limits, a and to overlook this feature ‘may not only 
pardize. the economic success ‘of the enterprise. through early loss 
capacity, but also the stability of the dam n itself may be 1 threatened by im- 


proper appraisal ‘of the up- -stream pressures. _ The horizontal forces acting 


=" against a dam through combination of the silt and wore load to 
vere 0% more than those fro from the water load alone. 
ugh ay Instances « of excessive silting are chiefly i in reservoirs dis- 

rse, | Proportionately small as compared with the area of the tributary basins. _ Lake 

no Austin, Texas,” is. an outstanding example. ‘Naturally, also, if the forma- 
face jm tions of the water-shed are of such character as to yield extraordinarily large : 
sur} *mounts of débris like at Zuni Reservoir, New Mexico,” ‘ rapid depletion is 

able “unavoidable. - Effective preventive measures cost more as a rule than the 

construction of new ‘storage capacity. The problem a of rapid depletion sé seems 
ther to be confined largely to the Southwest. In California, several small reservoirs 


(used primarily. for diversion. purposes) have filled with silt at a rapid rate 
t 
but, in general, the water storage reservoirs, have been proportioned to their 1. 


Transactions, Am. Soc. C. B., Vol. 93 (1929), p. 1 
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BONNER ON PHYSIOGRAPHICAL 
on dentanion basins so that the e percentage of depletion through silta- 
* tion will be negligible for at least a century to come. The situation is [ 
by able 4 which shows the s: rates of representative South. 


‘TABLE 4 .—Srorace Reservor Turovcn SILTATION 


Reservoir Stream area, in in acre- in acre- | for total 


(6) 


(5) 


= 


ARtz0na, New Mexico, anv Texas — 
Colorado 169 000 | 30 500 000 | 137 000; 223 


Elephant Butte.......} Rio 360 | 2 638 860} 20 470 129 

Zuni, New Mexico....| Zuni 650) (10230) 440 
Medina Lake......... Medina River, Texas... .. on | 254 000 | 230 
Worth......... Trinity River, Texas........... 47177) 1000). 47 
Lake Austin (old)..... Colorado River, Texas..... 38 000 49 300 | 3 490 

Lake Austin (new)....| Colorado River, Texas......... 000 | 32 029 2 350 

Pe Pennick........ Clear Fork, Brazos River. . 3094] 138. 


North Fork, Feather River.....| 1 308 000 647 

South Yuba River............. 74 448 | 

Salt Springs.......... Mokelumne River............. 1508) 000 

| South Fork, Stanislaus River....} 3 

Hetch Tuolumne River 1 

Don Pedro Tuolumne River......... 

Crane Valley ..| West Fork, San Joaquin River. . 55 000 3 461 

South Fork, Ssn Joaquin River..| 171 64 406 1 610 

Shaver..... ..| Stevenson Creek.............. 80] 135 283 9 19 326 

*~Pillsbury....... .-| South Eel River.............:.] 268 | 73 163 62 1 180 


_ western reservoirs as compared with twenty of the main storage reservoirs in 


California. The latter group is shown to have more enduring usefulness 
Only one of the twenty has indicated life of less than 1000 yr. | This s means 
on during the first 100 yr of use the decrease of effective storage ze capacity 
as: not exceed 10 p per cent. Under the « circumstances, it is clear that in the | 
Beare of these r reservoirs the siltation problem | will b be of no 20 consequence. — 
‘It probably should be pointed out that none of these ret reservoirs is in 
Southern ‘California. number of reservoirs have constructed in that 
section for flood control , irrigation, and domestic supply purposes, but the 
_water- shed conditions are essentially different from those of the remainder of 
the State. The area of the South Pacific slope (south of San Luis Obispo) 


iva 


amounts to 13 600 : sq , miles, about evenly divided between mountain water- 
sheds and coastal plains. Although comprising less than of ‘the State 
and yielding less than 5% of the run- “off of California’s streams, , the 
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sive water utilization. Rainfall is erratic and occasional ser a 


duce flood flows ca carrying heavy loads of débris Orcas the steep mountain 
sheds. Considerable damage results limited areas where human 
{ habitation has crowded upon active débris cones, but over the locality : as a 
Consideration of rates” of débris production in various sections naturally 
leads" to speculation as to regional | comparisons and quantitative estimates = 
for the country as a whole. — Available data can scarcely be considered ade- 
quate for accurate determinations, but the values in Table 3 are sufficiently 
well distributed to serve as a basis for general approximation. — Study of the 
data permits an estimate of the average annual waste per unit of area for 
each of the main drainage basins and in combination with the tributary areas, 
the total weight of material removed and the depth of mn: have - 


computed. 2 The results are | presented in Table 5. ary 


TABLE 5.— ANNUAL Sur Propuction oF “THE Unitep 


6 150 exclusive of a 
in Canada 


| 
South 492 | Area extends ‘north to, and 
j _ | Basin, in Virginia 
1 231 348 =|: 369. Area is exclusive of 11 000 
800 J Area is exclusive of a part 


x 


11 | Hudson Bay «67 850 
12 | Arizona and New Mexico 


* The estimated annual total of 933 000 000 tons for the United States. as a 
whole amounts to an average of 308 tons per | sq mile. Assuming a a weight 
of 106 Ib per cu ft for the material i in original place, the average wearing off 
would be 0.0025 in. per yr. It thus. appears that the elements are planing 
down the surface of the | country | at an average rate of 1 in. in about 400 yr. 
It should be understood, however, that this material is not lost. ay Very little. 
“escapes to the oceans. , Dr. Gilbert found™ that of the 2 375 000. 000 0 cu yd of 
alluvial: débris originating from lands tributary to San Francisco Bay, during 


& 65 yr, from 1849 to 1914, only 50 000 000 cu yd were . carried through the | 


q 
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Golden Gate and deposited in the ocean. For the most part eroded material 
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is re- e-deposited along river channels, o1 on Seeded: bottom- lands, and in lakes, 
-‘Teservoirs, and bays. New land is thereby formed in the same way tl that the 

- fertile low lands have been built up through countless geologic ages. The 

; foregoing estimate fails to consider the constant building up of soil through 
decay of vegetation. Over large areas this agency probably than 
the degrading effects of erosion. On the other hand, no considera- 
tion has been given to material carried away in solution. Investigations dis- 
close that, on some streams,” the amount of dissolved solids exceeds the weight 

of the suspended matter. . As a rough approximation, it seems reasonable to 
assume that the losses of dissolved solids are balanced by the gains from 


vegetation decay, and the estimate based on silt movement provides | a fair 


‘S. Jarvis," M. Am. Soc. C. E. (by letter)“*—The author has under- 


taken a a calm, methodical analysis of the natural forces as ‘related to run- n-off 
and erosion, together with the influence manifest by v works of Man in altering 
the definite balance that presumably existed online long- established natural 

conditions. Eng ngineers need more of such serious consideration, before com- 
_mitting themselves to policies that have a decided trend against both public : 
welfare and individual securit A great service has been rendered to the 

y: = 

profession, and thereby to communities at large, by bringing the subject and its 
ramifications into such relief at this time, when it is most needed. — Although 


. the writer is in accord generally with the views and conclusions in this p: paper, ¥ 
must take | exception to some of the minor details. 


Ww hen long records are studied—especially graphic charts of rainfall and 

BE on off—the most impressive feature seems to be the wide variety « of precipita: 
tion and stream flow that may o occur in a locality. With long- term records, Hi 
such as 50- -yr periods, the mean annual rainfall at stations of most dependable 
supply in the United States may represent about 1.4 times the minimum 


= and a like ratio is approached by the maximum in n comparison with | 


on 


the mean, A wider ‘disparity exists between 1 minimum and mean or maximum 


- seasonal rainfall; and a still wider disparity, if ‘if compared on a monthly basis. — 
Furthermore, these ranges are greatly increased in the field of run-off, the 


; minimum annual yield from a water-shed being perhaps | one-tenth of the long- 


term maximum, while the variation among ‘monthly or ‘daily discharges may 
exceed 100 as a ratio, even in humid areas. In arid regions, both precipita-_ ; 


and stream flow are still more erratic and flashy. 


main efforts with “respect to. altering conditions of natural stream 
flow and erosion may be symbolized by his treatment of rough land: He 
reduces the knolls and fills i in the gullies, sei to obtain a more nearly even 
dependable profile. ‘Taking t the Rio Grande immediately 
_ below the Elephant Butte Dam as representative of thorough regulation, it is 

difficult to find any ; serious. up-setting of the physiographic balance. The data 
of Table 1, relating | to comparative scour and fill of the Rio Grande channel a 


Water Supply Paper No. U. S. Geological Survey. 


Senior Hydr. Engr., ‘Engr. Office, St. Paul, ‘Minn. 


o 


— 

— 
>. 
t 
a 
— 
— 
— 

ih 

— 
4 al 
— 

— | 
‘it 
; 
to 
| 
— 
E 
a 

_ 


‘1984, JARVIS ON PHYSIOGRAPHICAL BALANCE 


. below the dam are enlightening, particularly when expressed as totals or sub- 
totals. ‘Thus, the changes therein noted between the years 1915, or 1918, and 
1932, in the cross-sections of the river channel selected at the first ten of the + ; 
| stations, amount to totals of 2628 sq ft of scouring as compared 
2332 sq ft of fill. Therefore, in the 143 miles between the Elephant 
Butte Dam and International Dam, near El Paso, Tex., the regulated ‘stream, — 
- devoid of the customary silt burden that had prevailed during the natural — 
- and primitive conditions, was actually deepening its channel, — It is not sur- 7 
- _ prising, however, that the inclusion of the final five stations for this com- 
parison ‘would have shown ‘an increase o of fill amounting to 1493 ‘tt, or” 
Fsoren sq ft per station, far below the main canal diversions. This silting 
of the channel is small in comparison with what has been observed near San 
Marcial N. Mex., as” a result of back-water influence from the reservoir. 
Moreover, it was demonstrated early i in August, 1925, that destructive floods 
- could form as run-off from the usually | arid region between Elephant Butte 
and EI Paso, representing ; more than one- -half the peak flow of record from the | 


a The writer’s observations do not uphold the idea expressed i in Section 1, to 

4 the effect that a decrease of 20% in rainfall may ‘ “transform habitable semi- 

a arid areas into uninhabitable deserts” ; and that, an increase by the — 

i amount would necessarily result in “flood conditions of much greater : severity.” 
The proof lies largely in the record of variations previously 

, ag = The sub-normal precipitation occasionally ranges to a minor part of the 

s mean annual, and the excessive r rainfall ranges to more than double the mean. 

Even a succession of several ; years with rainfall far removed from the. ordinary 
either’ above or below normal, has not apparently wrought the corresponding , 
{aden Neglecting those years during which the excess or the defic: ency 
‘occurred | in the winter or non-growing season, and centering | attention on 
those growing seasons with either sub- normal or excessive rainfall to the 

‘amount of only 20% of the mean, ‘intensive cultivation and mulching to 


conserve the soil moisture may compensate fully for such a deficiency ; and — 


_ increased capillary action of the soil during periods of abundant rainfall s seems 
to increase the permeability thereof, thus allowing larger percentages t to > enter 

undergrow nd storage than. ‘if the surface were bone dry. Under such condi- 
tions, floods of ‘greater severity do not always follow. They are more nisync : 


=) panera from a a torrential downpour ot on baked, -_drought-hardened soil than o 


“to retard surface flow and to encourage. or facilitate sbeorptian, and ‘transpira- 
Granting that débris barriers of savdnets ee 50 50 ft, or more, are more 
effective for intercepting abnormal débris loads than a large number of 6- ft 7 
check dams would be, the. writer’s: experience and observation w would justify 
‘the adoption of numerous" small structures rather than single high 


for the majority of conservation projects. The potential are 80 much 


“ “Mlood Flow Characteristics, Cc. S. Jarvis, M. Am. Soc. C. E., Am. 
C. E., Vol. 89 p. 1098. 
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less with the smaller barr barriers; their construction is much simpler are 
drowned out and cease to cause , intensive local erosion when the flood volume [ 
- increases greatly; and the failure of one or more need not greatly disturb — 
the others of a series, ‘nor damage the property which they are intended to 


¢ mined or overturned, yet et they r remain obstacles, better adapted for maintaining 
the balance than the higher | structures. 


‘protect. Int many cases, ‘they are better investments; they may be under- . 
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MODEL OF CALDERWOOD ARCH I DAM 


en By MEssrs. SIMONDS, AND LARS JORGENSEN 


AW. Assoc. M. Am. Soo. E. (by letter)™*, —With the con- 
‘struction of arch dams of heights of 200 ft, or more, in recent years = 

“problems involving design have become of increasing importance. | - Any 
search pertaining to the action of ‘such structures: should be welcomed. by 
_ members of the Engineering Profession. ate: 

~ Models have long been of value i in studying the action of indeterminate 
structures, such as arch dams, arch | bridges, ‘rigid frame § structures, ete, and a ’ 
considerable can. be them; but it is not sufficient to build 
model o f a structure and test it and then, as a ‘result of such tests, to magnify 
the model | fifty or one hundred times, or more, as a basis of design. — There 
are too” many uncertainties involved, and a mathematical analysis of reason- - 

able exactness should be used asa basis for the design of such structures, a. 


greatest uncertainty in building a model of an arch is in 


— 


On 


‘dastic properties ‘base’ ‘and ‘the abutments compare with those of 
the model? Actual field conditions of the foundations and abutments can not 
te perenged exactly. | Th their tests the authors state | that | screw- jacks were 


conditions have on ‘the action of the model? Were the deflection and the marr 
listribution affected ‘materially by ‘a change. in the adjustment of the 


jacks Was s there s suficient material in the abutments to allow any shear — 
deflection to occur; ; and what was the effect of jacking ‘on such deflection? 


Having th the results of observations on the Calderwood Dam available for 


comparison, the authors were able. to select a foundation condition for the 
model which | would furnish close agreement between the deflections of 


the model and those of the dam. What were the foundation conditions that wenw 


¥ NoTE.—The paper by A. V. Karpov and R. L. Templin, Members, Am. Soc. C. E., was 
dublished in December, 1933, Proceedings. This discussion is printed in Proceedings, in 
order that the views expressed may be brought before all members for further discussion. “o 


“Engr., U. 8S. Bureau of Reclamation, Boulder, Colo. 


SMECIETY OF CIVIL ENGINEERS 
a 
— 
af — 
4 
4 
= 44 4 
— 


sIMONDS ON MODEL | OF CALDERWOOD DAM 


used, in tensile the deflection curves: shown i in Fig. 8? If ‘observations: on 

the action of Calderwood Dam had not been available at ‘the time of mak- 

; ing the model tests, what foundation conditions would have been used in the 


‘The choice of a a suitable material for a model is an uncertainty. The 
rubber and litharge compound is nice to work with, but the material itself 
— is not like concrete. The high value of ‘Poisson’ s ratio for this material makes 
it altogether. different from concrete in its action, in that it deforms at con- 
stant: volume. . This may lead to peculiar results in tests of models built of 
this material, ‘which would not be encountered in tests of models built of other 
materials having Poisson’s ratios nearer that of concrete. For example, 

_ the writer was recently engaged i in measuring the radial deflection of a model 
of a thick arch dam built of this rubber and litharge compound. . As 3 was. 
customary, deflection measurements were made at the down-stream 
a face of the model. However, in this case, small holes had been drilled in the 
7 model and _Inyar steel rods were anchored at the center lines of the arch 
~ elements ax and at the up- “stream face. ‘It was s found that the deflection at the 
- center line was somewhat greater than at the down-stream face, while the de- 
esx at the -up-stream face was about twice that at the down-stream face, 


i: squeezing has been noted in models built of other materials, but not to 


such a marked extent, 
~~ \ further investigation ¢ of the squeezing effect showed | that both the founda- 
= tion and the abutments deformed when the load was on the arch, . Vertical 
ee measurements showed that the model deflected upward 1 at | both the 
Up -stream and the down-stream faces, the vertical deflection at the top of 
the model being about 20% of the radial deflection. excessive 
vertical deflection actually ‘stretched both the up- “stream and down- stream 

faces in a vertical direction and, as a ‘result, strain ‘measurements indicated 
tensile cantilever strains or on both faces ‘simultaneously, ‘This fact confirms 
the authors’ statement that “ “in many cases, tension, in ra the action of the 
water: load, was “superimposed the original dead load stresses: on both 
- the up- “stream and down- -stream faces, of the 1 model.” a - Further research by the 

_ writer | involved | the testing of a model of a thick arch | dam composed of a 

- compound of commercial | building plaster and diatomaceous e earth, a material 

7 having a Poisson’s ratio of 0. 20. Some squeezing was noted of the ‘up- p-stream 
face. of this model toward | the down-stream face i in the deflection measure 
ments, but i it was not § 80 pronounced as in the rubber and litharge model, This 


was accompanied by a similar vertical deflection o of the model, but it was 


For partial loads, the measurements indicated tensile cantilever strains 


an the down-stream face. For this : condition, the maximum deflection of the 
cantilever elements occurred below the top of the model; as the elevation of 
the wu surface of the load was increased, the maximum deflection of the canti- 


lever elements occurred nearer the top of the model and the area of tensil 
: “cantilever ‘strains became smaller. Finally, a point was reached at which there 


was no 0 contraflexure i in the cantilever deflection 1 curves, the maximum deflee- 


be 
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§ tion occurring at the top of the model. For this condition no tensile strains 
were found on the down-stream face of the model, 

a Apparently, ‘the phenomenon « of tension appearing ‘simultaneously on 
the up-stream and down-stream faces of the cantilever elements is found only  . 


ina material having an abnormally high Poisson’ s ratio. Further investiga- 
t tion is being made by the writer to ascertain whether models built of other 7 
materials will show tension on both faces of the cantilever elements simul- 


fh Eldred D. Smith, Jun. Am. Soc.,C. E., has built and tested a model of a 


er gravity dam composed of a compound of finishing plaster and a commercially — 
le, “treated diatomaceous earth having a a weight « of 42 Ib ‘per cu ft and a Poisson’s 5 
el ratio of 0.20.% — This model was loaded with a film of mercury applied in a 

as rubber bag. In order to secure a correct ‘strain distribution, weights were 
applied to increase the unit weight to 13.6 times that of concrete. The 
he § sults of the strain measurements showed that the y vertical stress along the 


ch § foundation line did not vary as | a straight line. Above the foundation, — 
he | _ however, , this var iation became less, and in the upper elevations | where the 
je- § model was thinner, it followed closely to « a | straight line. : This was the result 

we | “of tests of a gravity section which had no arch thrust. If a thrust had been 


‘to applied the distribution of vertical stress might have been changed somewhat, 
| but not to any great extent. In view of the results of these tests, the writer 
da- is inclined to disagree with tl the authors’ statement that “the comparison of 
oa] the vertical stresses actually superimposed on both faces of the model shows 
the that the assumption of straight- -line distribution of stress is incorrect, not only 

the lower elevations, but probably also at the higher elevations.” 


. An arch dam is acted on by a complex system of forces. The water load a 7 


— 


acts normal to the up-stream face. ‘The t thrust of the arch tends to produce 
ted rib-shortening. weight of the ‘structure is downward. ‘The resistance 
. of the structure to deflection introduces couples. What effect do these forces 


the have on an arch dam built of a material with a high Poisson’s ratio, such as Z 
joth the rubber and litharge compound? Since” rubber deforms at constant 


Sin 


the volume, the. material i in the model deflects in the direction of least resistance > 
of a which, in this case, is vertical. The resulting measured cantilever strains = 
aul therefore, are tensile. _ Would this condition occur in a concrete arch dam? 


om ie The conversion of such strains to stresses is likely to lead to e1 errors of con- — 
a siderable magnitude. To change the value of Poisson’s ratio from 0.5 to 0.15 - 


sure 
This is not justifiable even for the purpose of ‘comparison. This ratio is too im- 
Portant in the calculation of stresses as can be “seen, in the formulas’ for 


there 


il : ._ 2A Thesis by E. D. Smith, Jun. Am. Soe. C. B., at the Univ. of Colorado, in partial 


fulfillment of the requirements for the Gegree of Master of Science. — 
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which, oy is the vertical stress; on is he horizontal stress ; 


vertical strain; én, the ‘Measured horizontal strain; p is Poisson’s rat ratio; f 
and E is the modulus of. elasticity. des 
«It has never been the fortune of the writer to build ‘and. test a model of a 

| 

variable radius arch dam. In making some mathematical analyses of such | 
dams, however, it was noticed that the ‘maximum compressive | cantilever 
7 a stresses usually occurred in the lower elevations of the cantilever elements. 
ow ere the cantilever strains measured in the model of Calderwood Dam ancl 
Elevation 780 and what was their magnitude? Did the strain measurements 

asian 

- show a concentration of stress ‘around the closure tunnels? No. indications of 
the strains in these locations are shown in Fig. 10. If the tunnels were 


effectively plugged no great concentration | of stress sh stress should occur around these 


oe Be chief advantage i in using the rubber and litharge compound for models 
of dams is that strain- -gauges that operate under water can be mounted on 
the up-stream face. It is s presumed that the up- up- -stream strains were measured 
with the apparatus illustrated in a previous paper™ by the authors. _ What 
degree’ of precision can be expected of these strain- -gauges when ‘operating 
under water? It has been 1 the writer’s experience that some > variation | in results” 
can be expected in regions of ‘considerable deformation. The gauges ‘were 
‘mounted on pins driven in the rubber. If the depth to which the 
driven varied, a variation of measurement was encountered. Even the 
: use of a jig in n driving the pins ‘was not altogether satisfactory as as the y pins had 
_ The disowssion of the e properties ¢ of the ‘model material given in Appendix 
is of particular interest. On account of its” excessive deformation, soft 
rubber is somewhat difficult to test for el elastic properties. — _ The usual apparatus” 


‘found in most laboratories is not at all suitable for testing this material. a The 


testing the rubber and litharge compound for 
; the writer has observed that it has pronounced ‘directional properties. For, 
4 compression tests, the specimens used were 6 by 6 by 12-in. rectangular prisms 
which w were built up from slabs of in. in thickness. These specimens ‘were 
¥ built up in several ways. | One type was made from a single 24 by 24 by 1- “in, 
s slab. In building these Specimens « care was taken to keep ) the direction of the 


< ie grain of the rubber the same in each lift. In another _type, the direction of 
the grain of the rubber was alternated in rrr succeeding lift. In the third 
= type the specimens were built of 6 by 6 by 1-in. ‘slabs, with no attention paid 


to the direction of the ; grain of the rubber. Tension and torsion ‘specimens 
consisted of 3 by 12-in. cylinders of one with longitudinal and 
r results of the compression tests that the materia had three. 
“different m noduli of elasticity and | six different Poisson’s ratios s depending on 
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0.64 . The results of the tension tests disclosed that the moduli of 
of the different types of specimens varied from 350 to 395 lb per sq in, and — 
‘Poisson’s ratios s from 0. 39 t o 0. torsion tests, the shecring modulus 


od, for the in of. the specimen for both strain ‘and 

stress. T he coefficient of thermal expansion per degree Fahrenheit was not 
ms . ‘constant but varied with the temperature at which the tests were made, It - 
= varied from 0.000065 to 0.000078 which is slightly less than the value. obtained - 


of From. these testa it was found 1 that im average value of Poisson’ s ratio 

. - for any one specimen was about 0.5 In some cases, however, it was slightly — 

pe greater, in one case being as much as 0. 544. The writer is fully aware of the 
that for a truly isotropic material a value of Poisson’s ratio greater than’ 
Is 0.5 indicates an increase in volume under a uniform ‘pressure which is ‘not 

possible. According to Karl Pearson and St. Venant® | it is possible for a 

d - non- isotropic material to increase in ihe ime when subjected to pressure. An — 

at _ inerease in volume of soft rubber compounds in compression | tests has been 

ts wat _ Whether the ealiet of Poisson’s ratio is 0. 5, or slightly greater than 0. 5, is 


on ¢ “not of material « consequence and should not reflect on the manner of. ‘making 


™ 4 the tests for physical properties. Either value should serve as a warning that ; 
soft, rubber is materially different from n concrete and the conversion ¢ of 

® 


R. JorGensen,” M. Am. Soc. C. E. (by most interesting 


ft 

1s “account of the most unusual performance of a model of an arch dam and the 
he “prototype is contained in this paper. The stresses given in Table for 
‘a the Calderwood Dam ¢ and its : model are amazing, since they differ ‘greatly from 
3 what would ordinarily be expected especially for ‘the prototype. 
or On the Calderwood Dam there. is 20 ft of water on top of the overflow 
ns rest, held back | by ‘Stoney gates and, therefore, the arch is heavily loaded 


from the very. ‘crest. The stress sheet shows vertical tension | on the down- 
ne - stream face of the dam for the upper 100 ft, with a maximum of 348 Ib per 
he i in, at Elevation 860, and 295, Ib at Elevation 840, Block 10, where con- 
of siderable « compression would always be expected. There could be zero vertical 
rd ff surface stress in the down-stream face of the Calderwood Dam and the canti- 
id lever r would s still be capable of supporting s some load on the up-stream face. * 
ns In such a case the horizontal shear would have a parabolic | distribution in the : 

, triangular cross-section in which the apex was approximately at the maximum — 
water level. The vertical surface stress” being high in tension, however, 


ee Ti, Pt. 1, pe 110 of and Strength of Materials,” by Todhunter end Pearson, 
“| . *“The Resistance ‘Rubber to Compression,” by R. Ariano, The India, Rubber 
— Journal, August 11, 1928, p. 8. Berkeley, Call. 

32, Cons. Hydro Mec. Engr., Berkeley, Calif. 
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cantilever action wm evidently been reversed from that which is | 
a expected and the arch, » therefore, will | be required to carry all the water er load, 
- in addition to giving an ‘up- stream push to the cantilever, or holding it from 
deflecting down stream as much as it wot would otherwise. 4-3) 11 | 
‘h fr The arches presumably must tearry mc more than their design load, and, there- 
fore, develop horizontal arch stresses less than those calculated (except at Ele- - 
vations 860 and 840 at the down- stream face at the crown, where tensions of — 7 
ite and 196 lb ) per sq in. are shown to e exist), and a . somewhat higher compres- _ - 
“sion in Block 6, Elevation 860, than was anticipated. 


At the abutments the s stresses are > much less than those calculated, and 


traflexure by the action of punching shear, or in some other manner. ‘That 
the horizontal arch § stresses in general : are less” than an those calculated might 
= a better stress distribution than a straight line variation but it is 
7 difficult to explain why the horizontal arch stresses should be so much less at 
the abutments than farther out on the arch, near the ‘points of contraflexure. 
_ ‘The m maximum arch stresses are not horizontal, as shown in Fig. 10, but 
meet the abutments at an n angle with the horizontal, as would be expected and, 
therefore, are not given directly ‘in Table 2. The difference between the 
measured horizontal arch stresses and the calculated or anticipated arch 


at ‘the abutments is so large, however, ‘that can not be 


m 


FO 


The greatest departure fron would ordinarily be is s that the 


cantilevers instead of helping to carry the load, apparently act in the opposite ff 
practically from the crest of the dam to about 30 ‘ft above the river tl 


bottom. Presumably, they must be held back by the are ch. If the 
of an ‘arch dam under load can be kept small by efficient. grouting while low | 


_ temperatures prevail in ‘structure, the dam can be considered almost 
monolithic and this should always be the aim. 
contraction joints of the Calderwood were grouted but, being 


- diversion dam, from which it is impossible to remove the load after the struc- 4 1 
has taken its permanent set and has cooled off, the 


j 
explain the peculiar cantilever action of this dam. — The writer will be much i? 


interested in future check measurements on : cisenad of the unexpected behavior _ 
of this dam. — _ When the plans were ‘made, the design was regarded as good and ; 
the action disclosed by Table was not anticipated. 0 
Cutting the arch. into narrow voussoirs, which will adjust themselves under 
‘oad relative to each other, will most likely produce an ideal arch; that i is, an § 

arch that will carry a greater proportion of the total load as pure arch action Be 
without bending, than | any other kind,” * but | the question arises, whether it is ea fi 


not more practical to keep the individual voussoirs not less than, say, 30 ft 


th fact that there was less than 100% efficiency in 


18 “"The Compensated Arch Dam,” by A. V. Karpov, M. Am. Soc. C. E., Transactions, a 
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take advantage of about 50% of the strength of the 
-erete, as well as the smaller number of joint details. In the Calderwood Dam 
the shear stresses seem to be the dominating load carriers at the abutments. 
7 te! Castigliano” has shown that it was possible in a certain » arch bridge | to. 
reduce the maximum stress from 61 kg per sq em: to 41 kg pe per sq cm at the 
s by using mortar of a much lower modulus of elasticity (100 times) 

* than that of the granite voussoirs between 11 voussoirs at the abutments and 

10 at the -erown (of a total of 48). He had the thickness of the 1 mortar 

wedge-shaped, with th the larger thickness i in the heavy compression zone as did a 
_ Castigliano’ J calculations have led the writer to with a a grout 


setting, is change and is esp pecially 
at first. + 3 ‘Therefore, it has a tendency to flow from places of higher stress to. 

of lower stress, as the load increases on the structure. . The plaster of 
Bcc ntagyy~asith faster than the cement hydrates and takes most of the mix- 
a ing water. - Later, the cement finishes hydration by means of capillary action 
- some time after the water covers the up-stream face of the dam, and the grout | 
i gets some elastic properties, or it may deteriorate, in which case it expands. 
The grout is between two water- -stops and several r recesses on the face of the 
"contraction joint wall and can not escape no matter how plastic it itis. hod 

authors’ Conclusion (5) is ‘that design in which gravity action 
“is neglected wey + * results in ac considerable and unwarranted increase in thick- 
ness of the horizontal arches at the abutments.’ ” The purpose for which the 
is increased at the abutments at lower does not rec require 


increase in thickness to be middle the dam; 


thickness gradually from a to zero 
- middle of the dam at the down-stream face, as was done on the Calderwood — 


: Dam. According» to Table 2, the arch stresses in the Calderwood Dam do not 


_ increase as expected from the points of contraflexure toward the abutments, the — 
Rane having, so to speak, been moved to the points of contraflexure, — 


This is a rather strange performance, but still more unexplainable i is the phe- — 
nomenon that the cantilever action (also according to Table 2) is ‘opposite 
to that which has’ always been assumed, _ This i is difficult to understand and, 
therefore, still more difficult to take care of in a design. Such a a vertical ten- 
sion ‘as 848 lb per sq in. at Elevation 860 in the down-stream face of the 
Calderwood Dam, the writer can scarcely comprehend. erty 


ne It is true, that when an arch dam i is | designed by y dimensioning each hori- | > 


tontal arch slice ‘separately, a an ‘approximation is made by assuming that 
‘individual slices can slide relative to each other. ‘seems ‘that this assump- 

tion should be on the side. of of safety, and this j is important, for an uncertain | 


"problem. . The shearing strength between the imaginary y slices wo would make — 


4 “Blastic Stresses in Structures,” tr., by Ewart S. Andrews, Lond., 1919, p. 357. 
Am. Soc. C. E., Vol. 98 Wig. 8(a), D. 1828. 
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w points, compensating for ‘some 


g the thickness for that reason — 
These shear stresses can not be or, at least, have not been 
It seems reasonable | to to conclude that to widen the co contact area 


joint zone, would be well spent, asa “ “filler” between the st struc- 


it is surprising to find the measured arch stresses generally less than the 

ealeulated arch stresses inasmuch as the cantilever stresses evidently 

opposite to what they were assumed. The designers of the Calderwood Dam 


a did not plan the cantilever to help the : arch carry the water load; it was not 
sus spected, however, that the arch would have to « carry extra load because the 


can ntilever leaned back on it. This is a rather vielen it is 


_ Additional -Ieasurements on the Calderwood Ds Dam are ‘most: desirable i in 


order ti to clear up » several doubtful points. It seems entirely u unreasonable, for 
that a cantilever subject to’ bending one way or the other should 
1ave tension in both faces at the same time, oF even ‘that: it should | have 


and experiments agree they have in pest, ‘it is not on the safe 
side to “skin” the arch by assuming or figuring t ‘that the cantilever will sup- 


- port part of the load. hain The p paper does not inspire re confidence i in the prediction 


of accurate actual stresses by means of calculation. 


all 
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run-off, for a given of pereentages of distribution 
0 lef the total volume of the run- Off during a number of equal time intervals. - 


The writer’s unit graph” expresses 3 this same drainage- basin characteristic in 
terms of distribution of rates of run-off due to a unit depth of effective rain-— 


(rainfall appearing as surface run- -off), applied in a unit of time. 
unit graph and the distribution graph are readily convertible one to another 


in ory q is the average rate of run-off for a given day, read from the unit 
- raph; p, the average percentage of run- -off for the same time interval, vend 
from the distribution graph; and M, the area of the drainage basin, in pee 
Bas9 The writer recognizes that the use of the distribution graph is weenie : 
to the unit graph. It is a simple mode of expression. Both graphs are predi- 
< on the hypothesis that, for a. given basin; (a) The distribution of 
percentages of run-off is constant for a run-off outed due to rainfall occurring 
in a single day, or time unit; and (b) the duration of the run-off period, 
conditions, is a constant. “ This hypothesis. is confirmed by 
. the seventeen cases given by Mr. Bernard in Table 1. It is also’ substantiated 
; by the fair agreement between observed and computed hydrographs « of stream 
flow made by Mr. Bernard and by the writer. ok 
mo ~ Nore.—The paper by Merrill M. Bernard, M. Am. Soc. C. E., was published in — a 


uary, 1934, Proceedings. Discussion in this paper has appeared in Proceedings, as follows 
March, 1934, by C. 8S. Jarvis, M. Am. Soc. C. BE. Po 


Received by the Secretary February 15, 1934. 
Rept. of the Committee on Floods, Journal, Boston Soc. Civ. Engrs., September, 


| — 
. 
— 
oa 
— 
° 
med the principle o e unit graph analysi 
r _ Bernard has confirmed the - ple of th t graph by lysis based on 3 
d | independent data. He has also developed certain new procedures. = — 
fe 
wal 
al 
a 
| 
“a 


DETERMI) ‘STREAM FLOW Discussions 


Asa further check the computed, for comparison, two. 
_ hydrographs: based on the same duration of rainfalls on the same > hypothetical 


drainage basin (see Fig. 6). One. had a high rainfall intensity. The other 


Rainfall per Hour 
0. Inches per Hour 


“Flow in Hundreds of Cubic Feet per Second 


7 7 7 
1 Thousands of Seconds 


BASIN OF SQUARE MILES; ‘Born Rain 
Durations or 5200 
had a low intensit; of rainfall. Both ‘were to infiltration 
and pondage effect. 2 With a given stage- velocity curve for surface run- -off, and 
i with given channel elements of slope, cross- “section, , and coefficient of ‘rough-_ 
‘ness, this becomes a problem in hydraulics. | ‘It was solved by the application 


of well-known and accepted laws. — The stage- velocity curves for both over- 


: land flow and s stream flow had | large differences in velocity between high and 
— stages. _ Referring to Fig. 6, it will be noted that the duration of run- -off 
was greater for the rainfall, but that at the time, 1 the. 
r words, 

the run- n-off periods ¥ were the same. The total of run-off | 

' <a (area of graphs) are 97.5 and 17.6 acre-ft, a ratio of 5.55: 1. Curve (c) wes 
_ obtained by dividing the flow ordinates of Curve (b) by 5. 55, following the 

e hypothesis used by Mr. Bernard. . Itw will be noted that the peak of Curve (ce): ap- " 
: earlier than that of the smaller hydrograph, Curve (a). Curve (c) 
om is moved forward so that the peaks coincide, the two ‘graphs will be found to 
be almost identical. _ This example illustrates an extreme range of | conditions. 
—_.. lack of synchronization is due e to th the fact that time of transit is shorter 


for the high stage. ‘This effect is apparent in the examples of computed and ob- 
served flows made by both Mr. Bernard and the writer. ‘At ordinary, and , 
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high, stages, init on the many streams with almost vertical s | stage- velocity — 

synchronization is almost ‘perfect. Mr. ‘Bernard’s procedure of 
using the average of three observed distribution graphs is desirable. 1 From 

¥ an engineering standpoint small differences in time are immaterial, provided | 

the peaks and troughs give correct rates of flow. if requirements ‘rr 


closer synchronization, a special low-flow distribution mn graph may be developed 


ee the 24- hr rainfalls, furnished d by the v8. Weather ‘Bureau, i 


rain ‘Table 1, may have occurred in 1 10 hr, or 20 | hr. The ¢ close 
agreement of the three ‘distribution graphs shows 1 that this factor makes little | 


nil The Water-Shed Factor. —The author has evaluated another procedure for — 


determining the d distribution graph of water- -sheds approximately, where 
-stream-flow data are not available. The writer views this accomplishment, in 


-ordinating such complex factors, with sincere admiration. The frequent 
statement that certain phenomena of Nature are erratic is Man’ 8 comfortable _ rae 
and self-satisfying way of acknowledging his ignorance and bewilderment. __ 


T ‘he Retention Coefficient. —In the procedure for reproducing: a hydrograph 


a of stream flow, Mr. Bernard ‘uses, i in Column (17), Table 3, a so- called “reten- 


tion ” This coefficient applied rainfall depth gives the rate 


stream” flow. ‘The latter is made up of surface run-off plus ‘base flow, 
&® Although Mr. Bernard states, “the retention coefficient * * * expresses the 


- value of the losses" to run-off only,” the ‘numerator, D, in deriving the coef- . a 


~ ficient, includes base flow, as set forth in the U. S. Geological Survey records ~ 


in Column (15), ‘Table 3. In practice, this coefficient could not be derived 
- from flow records. — That record is the answer to be determined. T he reten- 


a The retention coefficient combines the two independent factors: ‘Percentage 


oF net amount of rainfall a appearing ‘as surface run- off, and base flow. - ‘The 
forecasting of this ‘retention coefficient’ 4 ‘may be possible ; it has not been | done 


as s yet. ? The writer deems the more usual | procedure pr preferable, namely, appli- 

cation of the run-off percentage, or loss deduction, to rainfall, followed by the 7 
independent addition of the base flow. Refer, for example, to the computed © 
-off on October: 7, 1926, as shown in In Mr. Bernard’s complete 


MiB if Column (5), Table 3............ 


Effective rainfall depth, in inches (Column, (14), Table 0. 234 
‘inne 24-hr observed flow, in cubic feet per second (Column (15), wo. 3 


Retention coefficient, (Column (17), Table 3).. 
Computed stream flow, i in cubic feet per second. 
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‘SHERMAN ON STREAM FLOW Discussions i 
‘The weighted daily rainfall in Column (2), Table 3, extended to include 
the period, September 28 to October 6, inclusive, is as follows: September 28, - 
0.29; September 29, 0.05; October 1, 0.09; October 2, 0.40; October 3, 0.01; ; i 
- October 5, 0.63; and October | 6, 0.20. _ The computed flow for October 7 is 7 
seen to be 8 900 cu ft per sec as against an observed flow of 7 680 cu ft per ” 

: sec. The writer finds as follows: The two hydrographs due to” rainfalls of 
October 1 to 3 and October and | 6 can be segregated graphically. this. 
step, », the percentages of run-off can be ‘determined as 43 and 40. base 
flow can be segregated, by the a approximate method of Messrs. and 
u _ Houk,” which yields 1400 cu ft per sec as of October rT. Int the absence of is 


the observed run-off these three figures could be approximated with: fair 4 


“accuracy by a competent hydrologist. _ Applying 43% to Mr. Bernard’s data 
for October 7 in 1 Columns (3), (10) , (11), (12), a and (13) ; and 40% to the 


y values in Columns (4) and (5), results i in a total surface run-off of 0 094 in., 
or! 6 200 cu ft per sec on October a Adding the base flow of 1400 cu ft per 


sec gives the total stream flow as 7 600 cu ft per sec. ida eee Te 


‘The: ‘problem of estimating infiltration, or the off coefficient, is a 


ber of investigators. "Ultimately, the best. ‘solution may come e through a an 


application of the principles noted” by Robert E. Horton, M. Soe. O. E., 
conjunction with a better forecasting of infiltration r es. The most 
i” accurate procedure probably will “not based pape a. coefficient of of 
or run-off. It will be a deduction of infiltration rates from the 
 : “a ‘data i in each of Columns (3) to (18) Table 3, bearing i in mind that infiltration — faz 
greatest at the beginning of a storm and practically ce: ceases when surface 
run- -off has reached the main stream. 
ae The  Pluviograph.— The writer understands the pluviograph to be the hydro- a 
ey of run-off if, or when, the. surface of the drainage basin | is impervious. ti 
graph can be very useful in a study. of the maximum rates of run-off due 
tos a “given storm under different and varying rates of ‘infiltration. Tt i is not 
"necessary to assume the customary uniform rate of rainfall throughout the 
concentration period. Any possible sequence of rates of rainfall and infiltra- be 
tion may | be compared. In Bernard’ example (Fig. 5), the same maxi- 
4 mum rainfall rate is ‘used on different days. May not some other s sequence 
= in the 7-day storm produce a greater peak ‘rate of flow t The way is pro- ii 
eae vided for a better analysis ¢ of of the rational method, the concentration period, : 
The author is modest in his conclusions. Observed stream- flow records of fo 
duration furnish the best guide for water supply or flood flow. Such 
stream data, however, are frequently lacking, whereas pertinent rainfall data Wi 
storms of ‘maximum or other frequency are generally available. The 
5 
“method described by Mr. Bernard, in such cases, will furnish more reliable Al 
results than any of the existing empirical run-off forewles. 
Water Supply Paper 688-0, U. S. Geological Survey, p.105. 
38 “The Rdéle of Infiltration in the by Robert Horton, Transac- 
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Sux By SAMUEL A. GREELEY, M. Am. Soc. C. 


A. Greeny, M. Am. Soo. 0. E E. letter)” excellent 
Paper “gives much useful information relating to the difficult problem of the 
disposal of storm sewage from combined sewers. The long experience recorded, 


1908 to 1933, is unusual and adds greatly to the value of the paper. 
i Intercepting sewers serving - combined sewers are not built large enough to. 


“carry: the entire flow of the tributary sewers, which occurs infrequently s. 


times of heavy rains, but are generally designed to carry several times the dry- 
weather 1 flow. The unit capacity of such an intercepting sewer for any partic- 
ular location is thus a matter of | engineering judgment which must be guided 


experience with operating intercepting sewers. The authors, long familiar 


: with the sewerage of Columbus, , Ohio, — selected ‘methods and unit capaci- 
; ___ It is stated that the limited capacity, and size, of connections to the old — 
“Main Intercepting Sewer resulted, in about thirty- five overflows storm 


sewage per year from each of the combined sewers and that its capacity w — 
barely sufficient to handle the average dry-weather flow. It would be of inter-_ 


- 


est to know about what unit capacity this. old “sewer had at the time when 
telief was provided. Assuming that near its lower | it served 150 000 per- 
sons, or about one- -half the 1930 population, and had a capacity: of 45 000 000 


gal daily (72 i in. in 1 diameter an and a velocity of 2.5 ft per sec), the unit capacity 
is 800 gal per capita per day. The actual unit capacity undoubtedly varied 
for different sections of the sewer and with 1 the deposits, which w were removed 
only at ‘intervals. In providing relief the section serving combined | sewers 
was dine an sents unit capacity of about 1900 gal per capita daily. -—_ 


eKq Nore .—The paper by John H. Gregory, R. H. Simpson, Orris Bonney, and Robert A 
on Members, Am. Soc. C. E., was publ hed in Octo’ er, 1933, Proceed 198. Discussion _ 
on thiis pa peared in Proceedings, as follows: February, 1934, by Messrs. C. B. 
Hoover anc McGuire, and Julian Montgomery; and March, 1934, by Messrs. D. T. a 
Mitchell, Robert | Spurr Weston, on Ww. W. 


Hydr. and San. Engr. (Greeley & — 
Py Received ved by t the he Secretary March» 12, 1984. pest 
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This, of course, is high, as many sewers have been 
‘built with unit capacities of 350 to, perhaps, 550 gal per capita daily. How- | 
ever, one section of the intercepting sewer system of Springfield, Til,” 39 000 
long, wa was designed with an average unit ¢ capacity 2125 gal 
daily. This relatively large capacity was to protect an impounding reservoir , 
to be built later. The c capacity of the 2 intercepting sewer below this large 


Section was 300 gal per capita daily, and an outlet was so 


of 0.4, and a population density o of per results in a 
sewage flow at the rate of 4670 gal per capita daily, and that this rate, for . 
rainfall duration of 60 min, may occur four times per year ‘(see Fig. 62). | 
This problem was studied by the writer in -eonnection with the sewage dis- 
posal of Minneapolis « and St. Paul, -Minn., where the unit capacities of inter- 
: -eepting sewers were related to a rainfall rate of 0.04 in. per hr. Studies of 
the rainfall indicated. that, on this basis, storm sewage 0 overflows would 0 oceur 


— 


for about 130 to 150 hr per yr. I Both the frequency and duration of storm 


_ sewage . discharges are ] pertinent, and it is hoped that more data such | as are : 


given in this paper will be forthcoming. _ The authors concluded that storm = 
Sewage overflows of four to eight times per year would be acceptable 
Below the central part of the city, the capacity of the intercepting sewer is 
and the overflow is passed through storm stand-by tanks with dis- 


ae placement periods at Whittier Street, ranging from ‘1. 6 to 180 min. As far 


as the writer knows, these are the first storm stand- by tanks to be built at any 


7 ‘effects : a reduction i in cost by limiting ‘the relatively large intercepting sewer 
to that part of the | stream needing such protection. Several storm sewage 
settling tanks have been built at main treatment works as, for instance, those 


Decatur, Tll., designed i in 1931. Such installations the risé in ‘the 


considerable distance from “main Sewage treatment works, The procedure 


we 
desired standards of stream cleanness and, therefore, are significant. 


‘Tt would be of interest to have the unit capacities of the old and new in 
“.) ercepting sewers stated by the authors as an illustration of the unit capacity 


at which relief was required under local conditions at Columbus. 
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DISCUSSIONS 


LINCOLN HIGHWAY FROM JERSEY CITY 


ELIZABETH, NEW JERSEY 


By J. B. FRENCH, M. AM. Soc.C.E. 


J.B B. 1 Am. 2c. letter The clearness and value of 
a paper on such an extensive and varied piece ‘of construction 
re ‘dependent o1 on the good judgment with which the illustrative 
material is selected to emphasize “the salient and most important features 


he without the inclusion of much sv ibordinate detail ; and this paper deserves 


_ [Phish praise on this score, 
3) f Due to the almost unique importance of this ‘ “super-highway” as a trunk 


Be line of intense motor-vehicle traffic between New York City and the South 
ar and West, structural details, otherwise worth description, are quite _over- 
- shadowed by | questions of alignment, grades, roadway widths, and wearing — 
re surfaces, and all those details which have the most direct effect in facilitating _ 
er the safe, fast, and uninterrupted flow of traffic on the elevated structure itself. 
ge and | which, a at the same time, cause the least possible ee with the 
yse street, railroad, and water-borne traffic below. 
he ‘These considerations, of course, enhance, rather than the impor- 
‘tance of adequate foundations, solid and enduring types of construction, and 


the reduction of ticularly those that are 


par 


ample e that all matters hove: had thorough-g 


In the viaduct structures, the v use ¢ of heavy 1 reinforced concrete floor, curb, 


below the roadway level (except i in the case of the long-span trusses), 1 the « the care- 


ful attention given to » the collection of the drainage on the roadways, and 
the designed expansion joints | to insure riding at all 


Nore.—The paper by Gigvald Johannesson, M. Am. was published 
{ November. 1933, Proceedings. Discussion on this paper has appeared in Proceedings, as 
follows : February, 1934, by Messrs. Fred _Lavis and Theodore — 
™Cons. Engr., New York, N.Y. | 
te by the Secretary March 1, (1934. 
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LINCOLN HIGHWAY NEW JERSEY — 


: tn noting g the omission of concrete covering and the painting of the : nid 
work k above > the roadway level and in the long-span trusses, the author justifies 
the procedure by stating that “the additional steel required for | carrying the 
weight ht of tl the protection wou would have increased the cost 3 so materially © that it 
did not appear to be warranted economically ;” and the question on naturally a1 arises 
_ whether, ; after making the painting of steelwork on a fairly large scale a 
_“hhecessary maintenance operation, it would not have been consistent to apply 
_ the same reasoning further, and thereby ‘to have reduced proportionately the 
cost of both h the s superstructure and the foundations. 
ty It also seems pertinent to point out, without criticism of the construction 
aa ‘described i in this paper, that recent advancement in the design and construc- 
tion of open- grid metal flooring; i in the use of light- weight non-corrosive metal 
: ; alloys i in floor construction ; and the more extensive and successful use of 
: welding processes, will, 3 it is to be hoped, make practicable much | lighter and 


less expensive floor, curb, | sidewalk, and railing construction without involving 


maintenance cost. 


__ Another economy that would obviously. follow 1 the adoption of open. flooring 


would result from allowing r rain and snow to | go through the floor, like a 1 sieve, 
ae in practically no more concentrated form than if the floor were not there, 


4 thereby eliminating the | ‘costly n necessity of keeping a acres of roadway surface 
water- tight and of providing a complicated and expensive system of catch- 


and water pipes, over at least large parts of viaducts: where the 


use of the land or water below needs no . special protection from the weather. i 4 
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"AMERICAN SOCIETY OF CIVIL ENGINEERS 


FORMATION OF FLOC BY FERRIC COAGULANTS > 


aid ©. J. Esq. (by letter) 


“many ¢ cities and towns to-day believe that, some of chemicals have 


been added in the treatment ‘process, 1 nothing more can be done to improve 
“ted efficiency of the filtering process or the quality of the water. : ‘This paper 


is an important contribution to ‘the literature on the chemistry of water 


intro — 


It has” not been’ years since the term, pH, was 
"pioneer work of Messrs. M. Clark and E. J. Theriault, L. B. 
4 others now too numerous to mention, have afforded an insight into the chem- 
of the coagulating process in water- works control. 
In the light of the work of these three pioneers, it ‘appeared to be n necessary 
- to control the pH of the e water within certain limits in order to coagulate the 
“floc efficiently. Unfortunately, this simple procedure is not adequate as has 
been so ably shown by the authors. “Alkalinity determination” is no longer 


rae . It is now known that “alkalinity,’ ” pH, also chloride and sulfate 


content must be determined before efficient enemies, can be accomplished. 
Ity was indeed fortunate that the cheapest aluminum salt in the early days of 
_ water treatment was the sulfate and not the chloride, because the latter i is more 
- difficult to floc than the former. Consequently, _water-treatment processes 
would have developed much more slowly. 
Messrs. Bartow, Black, and Sansbury have shown that the iron forma- 
tion in even such small concentrations as 25 ppm m of sulfate ion takes only 
Bop -fifth the time as in an equivalent c concentration of chloride ion when the 


Ba is about 3.5 to 4.0, as will be the case with many colored ¥ waters. With 


_ Norp.—The paper by Edward Bartow, M. Am. Soc. C. E., and Messrs. P. Black, * 
; and Walter E. Sansbury, was presented at the meeting of the Sanitary FR, ‘a : 
_ Vision, New York, N. Y., January 19, 1933, and published in December, 1933, Proce 
 Diseussion on this ee has appeared in Proceedings, as follows: March, 1934, by M 

Edward S. Hopkins, W. D. Hatfield, L. B. Miller, and Linn H. Enslow. siete 


Assoc. Prof. of Univ. of Georgia, 
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metal ion content of the water has a pronounced influence on the time of floc 
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N OF FLOC BY FERRIC oacutants Discussions 


larger v (8 to 9.5) for pH, presence of sulfate ions also permits more 

rapid coagulation. They also show that, compared with previous kn knowledge, ; - 


chlorinated copperas is more easily ‘made than ferrous sulfate. 
and above this, the most interesting phenomenon discovered i is that the 


formation. This is outstanding fact of this contribution. the 
‘Range of pH of 7 to 9, it is shown that a solution of 5 ppm of : chloride, as 3 ‘ 
-ealcium chloride, is many times ‘more satisfactory than 25 ppm of sodium § . 
chloride, and the coagulation range is wider. In the case of sodium sulfate as q ; 


compared with calcium sulfate, the differences are not so y marked ; in the lower ; 


a bye ge the former permits more rapid coagulation and a wider 
a band of floc formation on the acid side, but calcium ‘sulfate allows a 


wider band on the alkaline side. 
_ The implication which these facts have o on water treatment is that the con- f 
trl of the process has developed into a 2 complicated chemical problem. 
cently operated water treatment plant must be in the care of a 
- chemist, or, at least, under the not- too- distant supervision of some one capable \ t 
of the necessary directive Accurate control is “now more than f 
oo Water- works chemists ‘will await with Siieiit a completion of this work | - 
ow which will establish 1 definitely the sign of a change carried by the colloidal f floc § . 
at various pH- values on both sides of the neutral point, because the treatment “th 
of 
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‘The Constitution provides that the Board of Direction shall elect or reject 
* all applicants for Admission or for Transfer, and, in order to determine justly — 


the eligibility of each candidate, the must: depend largely the 


all available and every y member is to scan carefully 
ap ‘monthly list of candidates and to furnish the Board with data in n regard 


¢ to any applicant which may aid i in determining his eligibility. It is is the Duty — “ 


of all Members to the Profession to assist the Board in this manner, — | a ae 


It is especially urged, communications concerning applicants, that ei 


Definite Recommendation as to the Proper Grading in Each Cc Case’ be given 


~ inasmuch | as the grading must be based upon the opinions of those who know 


‘ the applicant personally as well as upon the nature and extent of his pro 


"fessional experience. If facts exist derogatory to the » personal character 
_ to the professional reputation of an applicant, ‘they s should be promptly com 


muniecated to the Board. Communications Relating to Applicants are con-— 
sidered by the Board as ‘Strictly Confidential. 


The Board of Direction will ‘not consider the applications herein  con- 


“tained from residents’ of North America until the expiration of thirty (30) 


‘ 
(80) days from Apri 15,19 15, 1984, 


Qualified to design as well as to | 5Syearsofim- 
Member | direct important work ‘35 years 12 years* portant work 


oF General R Requirement A 


a4 
ments or practical experience 35 years youre? 5 
te co-operate with engineers AS portant work 
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_AMTHOR, FRED PAUL, Fort Worth, ‘Tex. 


(Age 35.) Constr. Engr., Procurement Div., stant, E. Pendlebury. 


Public Works Branch, Treasury Dept., 

Washington, D. C. Refers to J. C. Carpen- 

4 ter, W. K. Mcllyar, G. L. McLane, J. C. 

APOLLONIO, GINO CARLO, New York | 

City. (Age 40.) Refers to J. Downer, = 

Galloway, C. A. Garfield, E. Pittarelli, S. 


BECHTEL, STEPHEN DAVISON, San Fran- 
cisco, Cail. (Age Executive Repre- 

sentative, W. A. Bechtel Co., Inc., and sub- 
‘sidiaries. 
‘Hall, C. G. Hyde, E. Mead, F. H. Tibbetts, 


BERRY, WILLIAM ELMO, Tacoma, Wash. 
(Age 44.) County HEngr., Pierce County, 
Wash. Refers to J. A. Arntson, C. D. Fors. 
- beck, O. H. Hallberg, W. A. Kunigk, W. J. 


BLACKWOOD, EDWARD AUSTIN, Lahore, 
India. (Age 29.) Asst. Bridge Engr., North 
Western Ry. (at present on leave). Refers 
to N. J. Durant, F. Palmer. (Applies in | 
accordance with ’Sec. 1, Art. 1, of the By- — 
‘BROPHY, WALTER JENNINGS, Bismarck, 
Dak 
Engr., North Dakota Dept. of State 
Refers to W. Dawson, H. 2 
Fowler, E. R. Griffin, G. Hansen, 
‘Johnson, R. E. Kennedy. 


BROWN, JAMES LESTER, N. Mex 
(Age 30.) Office Engr., El Vado Dam, 7 
Middle 
Refers to W. Ww. Baker, J. L. Burkholder, 
G. Hosea, C. H. Howell, R. H. A. Rup- 

key, C. Seger, H. L. Thompson. 


- BROWN, SHELDON ABBOTT, Rifle, Colo. 
(Age 23.) Highway Draftsman, Colorado 


@ 


State Highway Dept. Refers to Cc. L. Eckel, 


_E. W. Raeder, W. H. Thoman. 


BURR, HOWARD EDWIN, Fairlawn, N. 
)_ Inspector, Erie R.R. Co., ‘Jersey 

City, N. J. Refers to W. A. Conley, J. - 

_ French, H. F. King, J. Ww. Smith, ol 


CALDERON, ANTONIO, Mayaguez, Puerto 
Rico. (Age 27.) “Inspector, U. S. Engr. 
Office, Arsenal, 

‘ont, F. Fortuno-Selles, A. S. Romero, 

‘Skerrett= Landron, E. Totti y ‘Torres, 


2 CASSESE, SALVATORE, Brooklyn, N. Y. 
y (Age 23.) 
Hammond, L. F. Rader, E. J. Squire. 
| CONROY, JOHN TIMOTHY, Dallas, Tex. 
Ua (Age 40.) Engr. of Constr., City of Dallas. 
Refers to F. N. Baldwin, B. R. Brown, 
Forrest, Jr., K. F. Hoefle, >. Hor- 
ton, O. H. Koch, E. L. Myers, BE. N. Noyes. — 
CORDERO| DAVILA, JUAN CESAR, Isa- 
Puerto Rico. 29.) Supt., 
Irrigation Service, Dept. 
Puerto Rice. Refers to C. A. Garcia, R. 
3 Gonzalez, J. D. Morales, G. Pla, F. Pons, 


COVOLO, ALBERT, Princeton, lie 


‘EBERLE, RUDOLPH 


Refers to N. A. Bowers, H. H. _ 


Dufour, F. H. 
ene Horner, O. Singstad. 


FALKNER, FRANCIS 


Engrs., 


Ss. H. D. Vogel. 
FLATAU, FREDERIC MYER, ‘Hattiesburg, 


(Age 37.) Res. Engr. and Relief 


Rio Grande Conservancy Dist. 


MacCrea, J. M. Page, W. Zass. 
GELABERT D’ELIAS, RAMON, 


San Juan. Refers to M. 
Refers to H. R. Codwise, H. P 4 


Isabela H. Collins, W. 
of Interior W. Mead, A. 


vey. to. G. Beggs, F. H. ‘Con- 


DEERING, MARK FAY, Angeles, Cal. 


(Age 34.) Structural — Engr. with S. B. 
Barnes, Cons. Engr. Refers to S. B. OTe 

W. Binder, A. — M. Lukens, 
Ww. Pore, A. A. Sauer. 


EUGENE, Emporia, 

e 22.) ‘Refers to L. E. Conrad, 
F, Frazier, M. W. Furr, L. ie White, 


EMERSON, MERTON LESLIE, Boston, 
Mass. (Age $1.) “Cons, Engr.; Member, 
‘Board of Review, P.W.A., Washington, Dis. 
Refers to H. Abbott, R. S. Buck, F. O. 
Fay, F. H. Fowler, W. W. 
HOWARD, | Vieks- 
Miss. (Age 28.) 1st Lieut., Corps of J 

U. S. Army; Asst. Director, U. ms. 4 
terways Jxperimént Station. Refers to . 
. B. Larkin, H. Matthes, M, P. O’Brien, 


burg, 


“ig Wa 


With Public Service Cor- 
poration of Mississippi. Refers to J. H.— 
Dingle, P. C. Klyce, M. S. Long, a ee) 
Shook, J. Van Trees, Jr. 
FRIEDMAN, MARTIN | EARL, 
— Ohio. (Age 33.) Bridge and Civ. 
Engr., Cuyahoga County Bridge Dept., 
Cleveland, Ohio. Refers — to N. Finestone, 
Is. Plummer, E. Schumann, B. A. 


Miss. (Age 26.) 


Weiss, Werner, L. K. Whitcomb, Jr. 


FRY, ‘GEORGE LAMBERT, Little Rock, 
Ark. (Age 35.) Asst. Engr. of Plans and 
Surveys, Arkansas State Highway Comm. 
Refers to J. C. Carpenter, H. W. English, 

W. E. Ford, R. C. Gibson, O. L. Hemphill, 

San Juan, 

Puerto Rico. (Age 28.) Refers to ae We 
Davila, M. Font, E. 8S. Jimenez, J. & 
7 Morales, R. Ramirez, "% S. Romero, E. Totti 


Torres, C. del Valle Zeno. 


 GRIGGS, MILO, Saginaw, Mich. 
Refers to H. Bouchard, L. M. Gram, C, T. 
Johnston, H. J. MeFarlan, C. O. Wisier. 


HARVEY, MARVIN SPEARS, Jackson, Mich. 
(Age 33.) Transitman, Michigan | Control 
Pag Coast & Geodetic Survey. Refers to 
E, M. Burd, D. A. Davis, R. A. Gorges 
ww. & Giffels, O. A. R. V. Jensen, H. 


HAYGARD, ALBERT, Front Royal, 
— (Age 36.) Engr., U. S. Bureau of Public 
Roads. Refers to W. M. Austin, H. K. 
Bishop, J. E. Bomar, W. I. Lee, T. K. 
Roberts, H. L. Shaner, G. §. Ward. q 
| JENKS, ROBERT | JEREMIAH, Spokane, 
‘Wash. (Age 24.) With Eng. Dept., The 
‘Washington Water Power Co. Refers to 


P, Hughes, T. H. Judd, 
J. Turner, L. F. Van Hagan. 


 JOYNT, PHIL IP DONNELLY, Merwood 
Park, Pa. (Age 33.) Salesman, Bethlehem 
Steel Co., Philadelphia, Pa. Refers to L. W. 
_ Clark, L. M. Entrekin, A. R. Graves, T. R 
‘Lawson, C. H. Mercer, BE. T. — 


dor 
— 
The fact that applic ames of certain members as ‘references 4) 
not necessarily mean that such members endorse. tion 
| Wat 
7 Clen 
land 
MeF/ 
(Ag 
E 
| Puer 
of I 
Dom 
Luec 
ott: 
— Ky. 
ville. 
— Row 
— 
get 
— Sec, 
MOR: 
Tent 
Tent 
- Shul 
MYE! 
— (Ag 
Keef 
Perk 
NEW 
| «ville 
— = Fede 
om lie \ 
— 
NICH 
Bits 
ways 
Gros 
Scho 
be PARI 
Sec, 
PET) 
ty 
a 
| = 
Wes 
| Age 
Tork 
Mois 


orthampton, 


POLLARD, EDWIN LEROY, Nc 
(Age 23.) Refers to C. M. Allen, 
ae 3" I. Baucus, A. W. French, J. W. Howe, | 


AUGUST FREDERIC, Globe, Ariz. 


KOCH, JOHN POPE, Louisville, ‘Ky. 
2%.) Clerk, Federal Emergency 
tion of Public Works. Refers to C. R.- 
Bloxton, W. M. Caye, F. C. Dugan, G. H : 
Harding, G. H. Sager, Jr., E. J. Weigand. q 


LONG, HORACE TAGGART, Vicksburg, “(Age ) Mast, Arisona Highway 
«Miss. (Age 28.) Chf. of Operations, U. Miller, 4 

Waterways Experiment Station. Refers to Ww. 

A. Anderson, F. G. Christian, G. R. owers. 

[Giemens, P. E. Cunningham, W. H. Hol- REXACH, FRANCISCO ‘New 
1, land, H. A. Sargent, H. D. Vogel. City. (Age 26.) Computer, Dept. of Com- 

3 merce, U, S. Geodetic Survey. Refers to 


s, ARLIN, JOHN. ‘FRANCIS, “Miami, Fla. §$T. Human, Jr., P. Leclercg., J. J. 
S (Age 48.) Owner, Southern Asphalt Constr. Loeser, H. Miller, O’Donnell, R. L. Pfau, 
Co. Refers to J. D. Brown, J. H. Dowling, H. Pitcairn. 
Friedman, “MeW horter, C. 8. RIDGWAY, JAMES WILLIAM, Brooklyn, 
’ Nichols. N. Y. (Age 42.) Asst. Borough Engr., 
e, [MANESCAU Y¥ CONDE, MIGUEL, Ponce, Richmond County for C. W. A, in i 
Puerto Rico. (Age 48.) Dist. Engr., Dept. tive charge of C. W. A. work, a an 
of Interior Puerto ‘Rico. _ Refers to M. V. S. T. Goldsmith, L. G. Holleran, C. 
Domenech, M. Font, F. Fortuno-Selles, A. S._ Hudson, R. Ridgway, F. W. Stiefel, H. ¥: 
Lucchetti-Otero, R. ‘Skerrett- -Landron, 5. Winsor, G. 8. Wood,’S. H. Woodard. 
Totti y Torres. 4 ROPER, JAMES HUNTER, Los Angeles, 


MARTIN, ROBERT EMMETT, Louisville, C©#4. (Age 42.) Superv. Engr. on projects” 
Ky. (Age 26.) Asst. Engr., City of Louis- 
ville. Refers to W. R. McIntosh, W. E. 
Rowe, Ww. ‘B. Wendt, J. 


Dist. in Southern California a by 
egar¢ Kennedy, egare, 
ERIK, Copenhagen, Denmark. (Age SHARP, WILLIAM HOWARD, Windsor, 
%.) Manufacturer of Steel Plate Radiators Conn. (Age 49.) Engr. of Highway Con- 
(central heating). Refers to W. E. Brown, ‘trol, Bureau of Maintenance, Connecticut — 
P, L. Hornby. (Applies in accordance with ‘State Highway Dept. Refers to C, J. Ben 
Sec. 1, Art. 1, of the By-Laws.) nett, C. M. Blair, H. R. Buck, A. We 


MORGAN, ELLIS HAMILTON, Knoxville,  PBusbell, A. Campbell, EB. Hamlin, 


Tenn. (Age 35.) Application Examiner, J. . Wadhams. 
Tennesee Valley Authority. Refers to J. G. SPEECE, JOHN Tacoma, Wash. 


af Floyd, J. L. (Age 31.) Chf. Asst. to Res. and Locating _ 
TC Engrs., State Highway Dept. of Washing- 


Pa. 


A. E. Farrington, O. H. 
MYERS, ROBERT NELSON, Pittston, 


.L. Hosmer, 
(Age 40.) City Engr. Refers to D. A. STR HY 7 
Keefe, L. D. Matter, C. B. Myers, W. Ww. OHM, WILLIAM EDWARD, Santa Fe, 


Mex. (Age 36.) Structural Designer, 
New Mexico State Highway Dept. Refers 
to E. L. Barrows, W. Davidson, C. 


| Perkins, G. B. Walker. 


‘lle, Tenn, (Age 41.) Engr.-Examiner, Egner, J. C. Harvey, B. Johnson, G 
Federal Emergency Administration of A. E. Palen, R. L. Schoppe, 
lic Works. Refers to R. poker, G. Smith, 
Barton, B. L. Crenshaw, N } THORSON, EDWARD WILLIAM, Milford, 


H. Hale, K. W. Marbwell Iowa, (Age 28.) Camp Supt., Iowa Emer- 
Snoderly, J. A. Steel, W. H. Wilson, gency Conservation work. Refers to T. R. is 
R. 


"(Age 26.) 2d Lieut, Corps of ‘VAN STONE, FRANK DUNHAM, Maya- 
Director, | CP. -guez, Puerto Rico. (Age 47.) Supt. in Chg. 
Experiment Station and Vice-Pres. Gaha an Constr. Corpora- 
Gross, G. H. Matthes, J. E. Perry, E. W. 


tion. Refers to F. L. Cranford, M. Font, _ 
Sehoder, Vogel. M. Gahagan, J. V. Hogan, C. EB. 


ch. MRK, ARCHIBALD GAVIN, Balclutha, A. Van Alstyne. 
New Zealand. (Age 30.) Res. Engr., WILL, THEODORE NIELSEN, Saginaw, 
| to lic Works Dept. Refers to F. W. Luk ke, Mich. (Age 24.) Engr. Asst., City of 
th BA Tyndall. (Applies in accordance with Saginaw, Mich. Refers to L. M. Gram, 
% Ge. 1, Art. 1, of the By- Laws) M. L. Harris, W. C. Hoad, W. Lahde, C. 3 
Va. City, N. J. (Age 43.) Engr. C. W ‘WYMAN, ALTON BERTRAM, Portsmouth, 
aucus, J. Refers to C. C. Ohio. (Age Engr. with State Dist. 
K. Henderson, T, A. Ros- W. A. to J. W. Howe, 
ane, 
ane, FOR TRANSFER 
we An 
dd, THE ‘OF ASSOCIATE 


BOWDEN, EDMUND WARREN, ‘Assoc. M. HARRISON, KENNETH JOSEPH, Assoc. 
Westfield, N. J. (Elected Jan. 18, coy M., Azusa, Cal. (Elected March 11, 1929. = 

(Age 36.)’ Asst. to Chf. Engr., Port of New ize 38.)’ Res. Engr., with Los Angeles 

York Authority, New York City. Refers a County Flood Control Dist. Refers to R. C. 7 

=. H. Ammann, M. B. Case, A. Dana, L. 8 Booth, C. Eaton, L. C. Hill, W. A. Per- — ayy 

Moisseiff, R. Ridgway, BE. W. Stearns. Redinger, F. ‘Thomas. 
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HENDERSON, PAUL FLEMING, Assoc. >| Geodetic Survey. Refers to 
Myton, Utah. (Elected June 6, 1927.) (Age - Caton, 3d, C. K. Fox, A. H. Horton, J. W. 
With Indian Irrigation Service, U. Howard, J. Cc. Hoyt, ¢. G. Hyde, S. 
Dept. of Interior. Refers to A. D. Butler, Kieffer, B. M. 
V. Clotts, H. J. Doolittle, L. M. Holt, 
Allentown, Pa. (Elected July 11, 1921.) (Age 
KK RIEGSMAN, EUGEN FREDERICK, Assoc. 45.) Pres. and Gen. Mgr., Tilghman Moyer 
te ag ‘Edgewood, R. I. (Elected Jun. May 5, Co. Refers to C. H. Buckius, B. C. Collier, 
38 1908; Assoc. M. Sept. 2, 1914.) (Age 51.) M. O. Fuller, F. E. 
FROM THE GRADE OF ‘JUNIOR 


ANDERSON, VICTOR CH ARLES, (Age 27.) Asst. Engr. with: 
Little Rock, (Elected Feb. 25, 1924.) ons. Engr. Refers to O. H. Ammann, A. 
(Age 32.) Pres., Capitol Steel Co.; member Dana, Cc. We Dunham, J. Forgie, J. Hus- i 
of firm, Anderson & Knoop, Structural band, VC 


Engrs. Refers to R. A. Caughey, A. C. GILBOY, GLENNON, Jun., Cambridge, Maw, — 


Galt, R. C. Gibson, O. W. Irwin, R. R. (Elected April 18, 1927.) (Age 31.) Asso: 
Lundahl, A. MacCrea, eiate Prof. of Soil Mechanics, Massachu-§ 
5.2. Rhyne. setts Inst. of Technology. Refers to J.B 
BOSSY, REGINALD ARTHUR, , Jun., Flores- Babcock, 3d, H. K. Barrows, Cc. B. Breed, 
ville, Tex. (Elected Nov. 15, 1926.) (Age G. E. Russell, C. M. Spofford. ia 
as 30.) Res. Engr., Texas Highway Dept. WALL, LESTER GEORGE, Jun., Pierre, 3 
x Refers to H. R. Anderson, E. P. Arneson, Dak. (Elected May 25, 1931.) (Age 32) 9 

4 M. Jowers, H. S. Kerr, J. G. Lott, J. G. = Computer, Plans Dept., South Dakota High. ry 
Rollins, Stockton, Jr. way Dept. Refers to H. S. Carter, A. 
“SAMUEL CLIFFORD, Decker, W. R. Drury, R. B. Easton, W.C 


New York City. (Elected Dee. 22, 1930.) Hoad, R. McNamee, C. Shoecraft. 


The Board of Direction will applications in this list not less 
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